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ABSTRACT 
RESPONSE OF SOIL PROPERTIES TO 23-25 YEARS OF DIVERSE CROP 
ROTATIONS AND TILLAGE SYSTEMS IN SOUTH DAKOTA, USA 
ABDULLAH H. ALHAMEID 
2017 
Diverse cropping systems and no-till (NT) are beneficial in improving soil organic carbon 
(SOC) and other soils properties. The present study was conducted to evaluate the 
interactions and impacts of long-term tillage and diverse crop rotation systems on soil 
quality indicators that include a range of soil chemical, physical, hydrological, and 
microbial properties. The study was established in 1991 at Beresford, South Dakota and 
included three crop rotation systems [2-yr; maize (Zea mays L.)-soybean (Glycine max 
L.), 3-yr; maize-soybean-oat (Avena sativa L.), and 4-yr; maize-soybean-oat-wheat 
(Triticum aestivum L.)] managed under two tillage systems (NT and CT; conventional-
tillage). Soil sampling was conducted only after maize harvest (maize phase) and soybean 
(soybean phase) harvest of each rotation. Soil samples were collected in fall 2014 at four 
depths (0- to 7.5-, 7.5- to 15-, 15- to 30-, and 30- to 60-cm) for soil chemical properties, 
intact core samples were collected from 0- to 7.5-, 7.5- to 15-cm for hydrological 
properties in fall 2015, and two sets of samples were collected in summer-fall 2016 at 
surface depth (0- to 7.5-cm) for microbial analysis. The selected soil quality parameters 
include soil organic carbon (SOC), total nitrogen (TN), bulk density (ρb), water aggregate 
stability (1-2 mm), and light fractions of carbon (LFOC) and nitrogen (LFON). The 
physical-hydrological parameters include soil water infiltration (qs), water retention 
xiv 
 
(SWR), pore-size distribution (PSD), bulk density, and penetration resistance (SPR). The 
microbial parameters include microbial biomass carbon (MBC), microbial biomass 
nitrogen (MBN), soil carbon fractions [labile; HWC, stable; CWC, and inert; 1M and 
6M], soil urease enzyme, and soil β-glucosidase. Data of soil quality showed that after 23 
years, the 4-yr rotation significantly increased SOC concentrations up to 30-cm in both 
tillage systems. Averaged across all the tillage systems, the 4-yr rotation increased SOC 
by 10.6 and 12.4%, respectively, compared to 2-and 3-yr rotations in the 0- to 7.5-cm, 
14.2 and 4.95% in the 7.5- to 15-cm, and 12.1 and 15.3% in the 15- to 30-cm depth 
compared to that under 3-yr and 2-yr rotations respectively. Increase in SOC 
subsequently decreased the ρb by 3.8 and 3% in soybean phase and by 3 and 2.3% in the 
4-yr rotation for these depths compare to 2-yr and 3-yr rotation systems. Physical-
hydrological properties data showed that NT with 4-yr rotation had the lowest soil ρb 
under both the phases compared to same rotation system under CT soil management. 
Similarly, NT 4-yr rotation decreased SPR by 20% as compared to that under CT 4-yr 
rotation under soybean phase. In 0- to 7.5-cm depth, SWR under NT with 4-yr rotation 
was higher by 27% at 0 kPa, 27% at - 0.4 kPa, 28% at -1.0 kPa, 32% at -2.5 kPa, 33% at -
5.0 kPa, 30% at -100 kPa, and 26% at -300 kPa compared to same rotation system under 
CT. A similar trend was observed for qs under same treatments where it was higher under 
NT 4-yr by 31% rotation compared to CT 4-yr rotation. Microbial properties results 
showed an increase in MBC, MBN, HWC, and urease, β-glucosidase enzyme activity 
under NT with 4-yr treatments under both phases. At planting, under soybean phase, NT 
with 4-yr rotation increased MBC by 29% compared to same cropping system under CT. 
Similarly; 4-yr rotation with NT was significantly higher in MBN by 23% compared to 
xv 
 
the same cropping system (4-yr) under CT system. Labile carbon fraction under 4-yr 
rotation system with NT (92.1 µg C g −1 soil) was significantly higher than that under 4-
yr rotation with CT system (60.2 µg C g −1 soil) by 52%. The 4-yr rotation with NT 
significantly increased urease enzyme activity compared to all other treatments by 52%, 
72%, 169%, 159%, and 168% under the 2-yr and 3-yr rotations with NT and the 2-yr, 3-
yr, and 4-yr rotations with CT, respectively. β-glucosidase enzyme activity was increased 
only under 2-yr cropping system with NT system. Results showed that for important in 
soil quality, physical-hydrological, and microbial properties diverse cropping system 
need to be paired with NT practices. Conversely gains from NT were most realized when 
paired with a diverse 4-yr rotation in Northern Great Plain (NGP) region and particularly 
in southeast portion of South Dakota, USA. 
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CHAPTER 1 
INTRODUCTION 
The economy for almost 80% of the world’s population is based on agriculture 
(FAO, 2003). Agricultural development strategies around the world are primarily based 
on a few major crops that include crops such as rice (Oryza sativa), wheat (Triticum 
aestivum L), maize (Zea mays L.), cotton (Gossypium hirsutum L), coffee (Coffea arabica 
L), cocoa (Theobroma cacao), and groundnuts (Arachis hypogaea). These crops have 
facilitated development within the agricultural sector for several decades in countries 
such as North America, Burkina Faso, Mali, Togo, Benin, Senegal, Ghana, and Ivory 
Coast. A range of management practices has been adopted to grow these crops across the 
world. Tillage practices are considered important for crop production in most of the 
world for millennia (Carr, et al., 2012). However, due to the negative consequences of 
tillage on erosion and soil health, producers have developed an increased interest in 
reducing tillage practices in many regions such as, North Great Plains of North America 
(Carr, et al., 2012, Janzen, et al., 1998). No-tillage (NT) management has become one of 
the most adopted farming techniques around the world. This type of farming has emerged 
as one of the main practices to overcome negative impacts of tillage by reducing soil 
erosion and increasing soil organic carbon (SOC). The United States Department of 
Agriculture (NASS, 2013) data shows that approximately 35.5% of USA cropland area 
was under NT farming systems in 2009 (Horowitz, et al., 2010). However, the benefits of 
NT farming in increasing SOC are generally observed near the surface. The NT farming 
systems when combined with diverse crop rotations can increase SOC and improve soil 
quality compared to conventional tillage (CT) systems. However, in short-term studies 
2 
 
significant impacts on SOC and crop performance are sometimes insignificant (Ibrahim, 
et al., 2015).  
Crop rotation is defined as a “system of growing different kinds of crops in 
recurrent succession on the same land” (Martin, et al., 1976). Rotating different crops 
year after year adds various economic and environmental benefits. In addition, crop 
rotation is helpful in long-term soil and farm management. Rotating different crops can 
break pest cycles and add extra nutrients to the soil. Crop rotations build soil fertility, 
preserve the environment, control weeds, diseases and insects, and add to crop and 
market diversity (Baldwin, 2006). Some examples of crop rotations include: maize -
soybean (Glycine max L.)-wheat /red clover (Trifolium pretense L.), maize-soybean, 
maize-soybean-winter wheat, rice -wheat, and other potential rotations. However, these 
crop rotations are not universally common, rather they depend on different environmental 
and soils conditions. Crop rotation and tillage strongly impact the physical, chemical, 
hydrological, and microbiological properties of the soil. 
Crop rotations and tillage practices impact SOC by impacting C sources and 
sinks. However, the rate of carbon input and loss depend on soil type, cropping system, 
environmental conditions and duration of management (Soane, et al., 2012). These 
management practices also help to improve soil properties and utilize water and nutrients 
available in the soil profile for sustaining yields (Miller, et al., 2002). Soil carbon 
dynamics is a key component of crop production systems and provide various ecosystem 
services. Ecosystem C dynamics is the soil component that involves SOC storage through 
carbon sequestration process and potential release of carbon as carbon dioxide (CO2) into 
the atmosphere (Heimann and Reichstein, 2008). Therefore, soil carbon dynamics relate 
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to gain and loss of carbon by the soil. Soil organic carbon can be recycled through the 
above-ground assimilatory processes (plant photosynthesis) and below-ground 
heterotrophic respiratory processes through decomposition by soil microbial activity and 
respiration by animal and other organisms in the soil. It is evident that the above and 
below-ground processes are intimately linked, constituting a complex and dynamic 
system with non-negligible interactions (Heimann and Reichstein, 2008). The living part 
of soil organic matter, known as soil microbial biomass (MBC), acts as an important 
ecological indicator and is responsible for the decomposition and mineralization of plant 
and animal residues present in the soil (Marinari, et al., 2006). The large portion of soil 
organic matter that persists for decades to centuries is critical for long-term ecosystem 
services, stability and the global carbon cycle. These dynamics and processes are 
essential for building soil health and functioning system. Moreover, the light fraction of 
carbon (LFOC) is considered as the active and sensitive portion of soil carbon that can 
easily impacted by changes in agriculture practices such as tillage and rotation. This 
active fractions can positively affect soil health and productivity (Zhou, et al., 2012). 
Some researchers define LFOC as the carbon in free organic matter that is not associated 
or complexed with soil minerals (Spycher, et al., 1983). 
Introducing conservation agriculture practices such as tillage and rotation systems 
can impact soil physical and hydrological properties and hence crop yield (Batey and 
McKenzie, 2006). Intensive tillage with the use of heavy machinery can degrade the SOC 
and create compaction to the soil (Guimarães, et al., 2013). This tillage practice can 
increase the bulk density and reduce the soil porosity (Moncada, et al., 2014), and hence 
reduce the infiltration rate, hydraulic conductivity and soil water retention. Soil organic 
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carbon plays an important role on soil physical and hydrological properties that include 
bulk density, pore size distribution, soil penetration resistance, soil water retention, 
infiltration rate, and aggregate stability (Lal and Shukla, 2004). Most of these physical 
and hydrological properties are related and impact each other. Increased soil compaction 
leads to increased soil bulk density which also led to decreases in soil pore size (Logsdon 
and Karlen, 2004). This reduction in porosity increases soil penetration resistance (Kuht, 
et al., 2012). Moreover, all physical and hydrological properties are influenced by soil 
moisture content (Gozubuyuk, et al., 2014). Therefore, applying conservation practices 
such as NT in diverse cropping system could improve physical and hydraulic quality 
properties, crop production and decreasing the negative impact on the environment. 
Agriculture soil is a living dynamic resource and its quality and health directly 
impact crop production and the environment as well (Doran and Zeiss, 2000). Generally, 
the impacts on microbial community are related to the change in agriculture practices 
such as tillage and cropping systems (Gianfreda, et al., 2005). Studying the soil microbial 
properties in response to various management practices to indicate the early changes in 
soil is not new (Staben, et al., 1997). Researchers reported that soil microbial parameters 
are very sensitive indicators compared to other parameters (Banerjee, et al., 1999). 
Parameters such as MBC play an important role in release of soil carbon (respiration) and 
in soil carbon storage (Lange, et al., 2015). Therefore, the change in MBC directly 
impacts soil organic dynamics and hence soil quality (Thakur, et al., 2015). Similarly, 
labile pools of organic C such as the water-extractable carbon fraction also is one of the 
sensitive properties to the change in agriculture practices (Ghani, et al., 2003). Labile 
carbon fractions can define as the part of carbon that mostly consists from residues 
5 
 
decomposition (Janzen, et al., 1992). The main parts of carbon fractions are cold water 
extractable carbon (CWC) derived by the soil microorganism’s respiration (Soon, et al., 
2007), and hot water extractable carbon (HWC) which is partly derived by soil MBC 
(Sparling, et al., 1998). Soil enzyme activities are also considered as sensitive and early 
parameters to detect the impacts of changing agriculture management (Bergstrom, et al., 
1998). Soil enzyme activities are reported in many studies as suitable indicators of soil 
quality (Gianfreda, et al., 2005) because they are related to the nutrient cycles and 
transformations, and they are easy to determine. The determination of soil quality through 
microbial properties could help to assess soil sustainability and environmental quality 
(Banerjee, et al., 1999). Studies show that tillage and crop rotations strongly impact soil 
properties, however, these impacts vary from region to region. Therefore, there is a 
strong need to investigate the impacts of long-term impacts of various tillage and crop 
rotation on soil quality indicators under different environmental conditions.  
 
OBJECTIVES 
The main goal of this research is to assess the impacts of adopting NT system 
associated with diverse rotation systems on changes in soil carbon, physical, hydrological 
and microbial properties in South Dakota, USA. The specific objectives are mentioned 
below as: 
Objective 1. Soil Quality Parameters. Assess the impacts of long-term tillage and 
rotation on soil organic carbon in South Dakota, USA. 
Objective 2. Soil Hydrological Properties. Investigate the impacts of crop rotational 
diversity and tillage on soil hydrological properties in South Dakota, USA. 
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Objective 3. Soil Microbial Activity. Measure the impact of Long-Term Rotation and 
Tillage on soil microbial biomass carbon, carbon fractions and enzyme activity.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1. Crop Diversification  
Diversification in agroecosystems as defined by Gliessman (2015) as “Diversity is 
at once a product, a measure, and foundation of system’s complexity – and therefore, of 
its ability to support sustainable functioning. From this perspective, ecosystem diversity 
comes about as result of ways that different living and nonliving components of the 
system are organized and interact. From another perspective, diversity as manifested by 
the complex of biogeochemical cycle and the variety of living organisms – is what makes 
the organization and interaction of the system possible.” Diversification can generate 
greater employment opportunities and higher incomes for producers (Ghosh, et al., 2014). 
A few examples of diversified farming systems include complex crop rotations, cover 
crops, and tillage management. This dissertation focuses on the impacts of tillage and 
crop diversity on soil properties.  
 
2.2. Crop Rotation and Conservation Tillage   
The use of long-term diverse rotations and no-till systems help in improving soil 
properties and grain yield. A study conducted by Baldwin (2006) documented that the 
grain producers of USA believe that the use of 2- and 3-yr crop rotations produce higher 
crop yields compared to those grown as monoculture. In the Midwest USA, maize-
soybean is the dominating biannual crop rotation (Plourde, et al., 2013), whereas, in Asia, 
rice-wheat is the dominating rotation (Mishra and Singh, 2012). The rice-wheat crop 
rotation occupies about 18 million hectare area in Asia, of which 75% are in Indo-
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Gangetic Plains (IGP) of India (10 million ha), Pakistan (2.2 million ha), Bangladesh (0.8 
million ha) and Nepal (0.5 million ha) (Mishra and Singh, 2012). Both rice and wheat 
crops feed about 20% of the world population (Mishra and Singh, 2012). Soybean and 
maize summer crops are widely grown in rotation with Italian ryegrass (Lolium 
multiflorum Lam) in the subtropical South American regions of Brazil, Argentina, 
Uruguay and Paraguay (Neto, et al., 2014). In Europe, planting of wheat after rapeseed 
(Brassica oleracea L.), and wheat after other small-grain cereals is very common 
(Peyraud, et al., 2014). Small-grain cereals, grain and forage maize, rapeseed and 
sunflower (Helianthus annus L.) accounted for 75% of crops preceding wheat in 2001 
(Peyraud, et al., 2014). Rotational cropping involving legumes and cereals were reported 
to be a more sustainable system for increasing food production in Africa than 
intercropping (Dakora and Keya, 1997). 
Diverse cropping systems are favored because they reduce the risk of crop failure 
caused by unfavorable rainfall patterns as well as pest and disease pressures. There are 
various benefits to soil health in a diversified cropping system (Sauerborn, et al., 2000). 
Most notably is the improvement of water use efficiency especially in arid and semiarid 
areas such as West Asia and North Africa. The latter region covers almost about 1.7 
billion ha (Kassam, 1981) and is recognized as dryland with a rainfall range of 100-600 
mm yr-1 (Dennett, 1987). The effectiveness of crop rotation has been studied in another 
arid area, Saudi Arabia, where rotations of cereals and alfalfa crops managed with center 
pivot systems showed an improvement in soil hydrological properties and subsequent 
yield improvement (Al-Rumikhani, 2002). Another long-term study in Syria conducted 
by Jones and Singh (2000) showed increase in crop yield of a barley-legume rotation 
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compared to continuous barley. A recent study in Egypt showed the ability of crop 
rotation to decrease nematode population in the root zone (Ahlam, et al., 2015). 
Therefore, based on the studies conducted across different parts of the world, it has been 
demonstrated that rotating crops every other year has various economic and 
environmental benefits. 
 
2.3. Crop Rotation and Tillage Impacts on Soil Quality Parameters 
2.3.1. Soil Organic Carbon 
The impacts of diverse crop rotation and tillage systems on soil organic carbon 
has been studied across the world, and a summary of few papers have been mentioned in 
Table 2.1 and Table 2.2. Crop rotations associated with tillage management practices 
impact soil C dynamics by impacting C sources and sink. However, the rate of carbon 
input and loss depend on soil type, cropping system, environmental conditions and 
duration of management. For example, research conducted by Zhu, et al. (2014), in the 
Yangtze River Delta of China, showed that under short-term duration, in rice-wheat 
rotation systems, the SOC was increased because of the additions of crop residues 
produced from rice and wheat straw in the soil. The use of NT management when used 
under diverse crop rotations is beneficial in increasing SOC compared to that when used 
in monoculture systems. No-tillage with high residue left on the soil surface can help in 
building up the SOM. A study conducted by Wegner, et al. (2015) reported that the use of 
NT system with low crop residue removal rate can help in improving SOC under a 
maize-soybean rotation compared to that with high residue removal rate. Further, they 
observed that cover crop also improved SOC content, but only in one of the 4 years of 
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sampling, and this may be due to the fact that the cover crop had not been used long 
enough to show some positive impacts on soil organic carbon. Two studies conducted at 
Ridgetown, Canada by Van Eerd, et al. (2014) evaluated the long-term (11 and 15 years) 
effects of tillage and crop rotation on SOC and total nitrogen (TN). The results from these 
studies showed that SOC and TN were greater with NT than plow tillage systems 
(Bhattacharyya, et al., 2006). Further, crop rotations with winter wheat-soybean, and 
soybean-winter wheat-maize were compared with rotations without winter wheat. In both 
long-term trials, NT had 21 Mg ha-1 more or 14% greater SOC than plow tillage system 
in the 0 to 100-cm soil profile. Research conducted by Kibet, et al. (2016) to estimate the 
long-term tillage impacts on SOM in a Sharpsburg silty clay loam, Nebraska (USA) 
under NT, double disc (DD), chisel plow and plow tillage with maize-soybean rotation. 
They reported that SOC content at the 0-10 cm depth, in NT and DD were greater by 1.2 
times than that with PT. 
A 42-yr long-term study in Iowa that involved comparing two crop rotations (2-
yr, maize-soybean vs. 4-yr, maize-oat (Avena sativa)-meadow-meadow) showed that 
there was an increase in SOC under four crops rotation compared to two crops rotation 
(Robinson, et al., 1996). Similar findings were reported from a 26-yr long-term 
experiment in Brazil under tropical weather conditions (Campos, et al., 2011). The results 
from this study illustrated that a five crops rotation consisting of black oat (Avena 
strigose)-soybean-black, oat-maize-oilseed radish (Raphanus sativus) increased SOC 
compared to four and two crops rotation systems on a clay soil. A study conducted in 
eastern Australia by Li Liu, et al. (2016) reported that SOC changes under crop-pasture 
rotation vary from northern to southern sites. These researchers reported that temperature 
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and rainfall play an important role and noted that this led the dynamics of SOC and its 
interactions among farming management practices. According to a study conducted in 
Illinois, USA on a silty clay loam soil by Zuber, et al. (2015) after 15 years the maize-
soybean-wheat (3-yr) rotation increased SOC content compared to that under continuous 
maize (2-yr) or continuous soybean (2-yr). However, in some short-term studies, benefits 
of crop rotation in improving SOC have been also observed. A study conducted by Zhu, 
et al. (2014) under rice-wheat rotation system in China, where residues of rice and wheat 
were added into the soil improved SOM. Data from this study showed that rice-wheat 
crop rotation build-up SOM because of the left over residue. Findings from 49-yr long-
term study in Ohio by Kumar, et al. (2012b) reported that SOC stocks under continuous 
maize and maize-soybean rotation were almost the same. Another study of 14 years in 
China under winter wheat-summer maize crop rotation showed increase in SOC by 12% 
in 0-5 cm, 17% in 5-10 cm and 6% in 10-20 cm, and decrease in SOC by 7% in 20-30 cm 
soil depth affected by crop rotations and tillage systems (Zhao, et al., 2015). Shrestha, et 
al. (2013) conducted a study from 1995 to 2005 in semiarid southwestern Saskatchewan 
to compare SOC stocks and rate of SOC change under one continuous crop and four 3-yr 
fallow-containing crop rotations managed with a NT system, and two fallow-containing 
crop rotations under minimum-tillage. After 11-yr, they observed that the SOC (0- to 15-
cm depth) was 0.2 Mg C ha-1 greater under continuous crop compared with the fallow-
containing systems. These researchers concluded that there were no significant 
differences in SOC and rate of SOC change among fallow-containing rotations or 
between MT and NT. A study by Aziz, et al. (2011) on the Van Meter farm in Ohio, USA 
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to evaluate the impact of crop rotations on soil quality showed that maize-soybean -wheat 
(2002 to 2007) showed a significant impact of these crops on SOC and TN contents.  
 
2.3.2. Nutrient Cycling 
Nutrients are added to soil from different sources such as chemical fertilizers, 
manure, leguminous crops, or crop residue (Eltz and Norton, 1997). Some other factors 
such as weather, soil and crop types, and tillage management associated with cropping 
systems can greatly impact nutrient cycling in the soil profile. The choice of crop rotation 
along with tillage management practices can influence economic returns (Martin-Rueda, 
et al., 2007). Also, crop rotation and soil management practices influence SOM and 
nutrient pools in the soil (Zhou, et al., 2014). A study conducted by Edwards, et al. 
(1992) in Crossville, Alabama, USA showed that implementing different crop rotations 
increased the availability of K compared with planting the same crop continuously under 
the same conditions. The study illustrated how continuous use of a specific crop such as 
maize can greatly decrease the availability of certain nutrients such as, phosphorus (P), 
calcium (Ca), and magnesium. In a long-term (24-yr) rotation study conducted by 
Bünemann, et al. (2006) in the southern region of Australia, found that an increase in 
total P as extractable inorganic P in a wheat–lupin rotation that included stubble burning 
as compared to continuous wheat.  
Soil fertility of land in a particular management system can be maintained when 
nutrients are efficiently recycled through the soil food web and soil-plant-animal system. 
Soil microorganisms such as bacteria, fungi and other decomposers play a significant role 
in transforming the organic matter pool of carbon compounds to simpler compounds, and 
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release of nutrients in available forms for root uptake. Crop roots and residues play an 
essential role in improving soil fertility by stimulating soil microbial communities and 
improving soil aggregation, where SOM acts as a binding agent for aggregation.  
However, SOM are often affected by a number of crop and soil management practices. 
Crop rotations and residue management are two practices that can influence SOM and 
contribute to soil fertility pool and nutrients availability through increasing nutrient input 
from roots and crop residue decomposition (Hatfield, et al., 2001). Nutrient availability 
including N is affected by many factors such as, soil type, tillage management, crop 
rotation, crop residue, and precipitation (Hatfield, et al., 2001). Wood, et al. (1991) 
reported that topography is an important factor of nitrogen movement in the soil system 
without significant impact on plant N uptake. When N content exceeds plant needs, N 
moves freely in the form of Nitrate (NO3
-) in soil system to ground water and rivers and 
impacts the environment by reducing water quality (Ibrahim, et al., 2015). The use of 
legumes in cropping systems can have a nutritional and economic benefit from N fixation 
and reduction of N application. Legume crops can be used strategically in regular crop 
rotations for improving soil fertility and to meet the needs of nitrogen-demanding crops. 
Types of crops and amount of residue also highly impact N content of the soil system. A 
study conducted by Halvorson, et al. (1999) showed that N content in dry lands under 
cropping systems were impacted by crop type and amount of residue returned to soil 
system. An 8-yr experiment in Brooking, South Dakota, USA by Carpenter-Boggs, et al. 
(2000) found that diverse crop rotation (maize-soybean-wheat-alfalfa) increased N in the 
soil profile compared to continuous maize and maize-soybean rotation systems on a clay 
loam soil. The inclusion of legumes in crop rotations adds significant benefits by 
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capturing atmospheric nitrogen and fixing it into forms available to plants. Specialized 
bacteria (Rhizobium spp.) associated with the roots of legumes convert atmospheric 
nitrogen (N2 gas) into plant-available nitrogen. The amount of N fixed by this association 
between bacteria and legumes varies with plant species and variety, soil type, climate, 
crop management, and length of time the crop is grown. A research study conducted in 
Burkina Faso, West Africa by Bado, et al. (2010) showed that crop rotations with peanut 
or cowpea increased the amount of available N for the next crop, resulting in a 
considerable increase in the sorghum yield. In a study conducted by Dakora and Keya 
(1997) on N dynamics in crop rotation systems including cowpea (Vigna unguiculata L. 
Walp)- maize and groundnuts revealed that the recovery rate of N was 27% and 60% 
from cowpea and groundnut vestiges, respectively. Similar studies conducted in African 
agro-ecological systems also showed that N fixation has played significant role in crop 
productivity by contributing to the soil fertility (Okorogbona and Adebisi, 2012). Diverse 
crop rotations with drainage management are helpful in improving soils and crop 
production. Overwinter cover crops are beneficial in reducing surface water flow, 
enhancing soil water evapotranspiration and extracting residual soil N left over in the 
crop root zone after harvest (Drury, et al., 2014). Constantin, et al. (2010) reported from a 
long-term study conducted in France that cover crops (white mustard, Sinapis alba L.; 
Italian ryegrass, Lolium perenne L. ssp. multiflorum (Lam.) Husnot; radish, Raphanus L.; 
and winter wheat) increased soil storage of organic N and decreased residual soil NO3
- 
concentrations in the root zone by 34 to 52%, and reduced NO3
- leaching below the root 
zone by 36 to 62%. 
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2.3.3. Soil Physical and Hydrological Properties  
Crop diversification under no-till system influences soil physical and hydrological 
properties such as bulk density (ρb), soil water retention (SWR), pore size distribution; 
(PSD) (Hubbard, et al., 2013), soil penetration resistance (SPR) (Deubel, et al., 2011), 
and water infiltration (qs) (Kemper, et al., 2011). The change in physical and hydrological 
properties can by impacted by various environmental factors (Huang, et al., 2012) and by 
the content of SOM and SOC (Coulter, et al., 2009). However, these impacts are 
inconsistent due to the combined effects of sampling date, and the initial conditions of 
soil, and experimental error (Kumar, et al., 2012a). 
A study conducted by Pikul, et al. (2008) reported decreases in soil ρb by 2% 
under diverse cropping system maize-soybean-wheat-alfalfa (MSWA) compare to that 
under less complex cropping system maize-soybean (MS). Another long term study by 
Kumar, et al. (2012b) reported decreases in soil ρb under NT compare to CT system. In 
contrast, Other studies have reported increases in soil ρb under NT compare to CT system 
(Bescansa, et al., 2006, Gozubuyuk, et al., 2014). A diverse cropping system associated 
with NT system showed a decrease in soil ρb compare to less complex cropping system 
under NT (Riedell, et al., 2013). The SPR is also impacted by agriculture practices and 
directly affect root development (Lipiec, et al., 2012). The SPR is strongly impacted by 
the soil moisture content (Unger and Jones, 1998). Some studies reported increase in SPR 
values under tilled soil compare to that under NT soil management (Boone and Veen, 
1994, Taylor and Ratliff, 1969). While another study conducted by Munkholm, et al. 
(2013) reported opposite trend when SPR values were higher under NT systems.  SWR 
and PSD are very important parameters to detect the soil water storage for crop 
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production and to estimate the runoff amount (Unger, et al., 1994). These parameters are 
impacted by several factors such as ρb (Patel and Singh, 1981) and SOC concentration 
(Radke and Berry, 1993). The amount of retained water in soil at −100 kPa depends on 
the pore size distribution and the capillary effect, but SWR at lower levels of pressure is 
generally effected by soil texture (Hillel, 1998). A long term study conducted by 
Bhattacharyya, et al. (2006) reported that adopting NT soil management reduced the 
volume fractions of coarse and fine mesopores and increased micropores and macropores 
due to the increase soil aggregation which lead to hence SWR values. Another long term 
study conducted by Kumar, et al. (2012b) reported that NT system increased the number 
of macropores in soil which increased the available water content compare to the tilled 
soils. Similar finding was observed by Alam, et al. (2014) where NT system increased 
porosity and SWR compare to MT and CT systems. Other studies have shown no impact 
of tillage on SWR under different cropping system (Blanco-Canqui, et al., 2004) 
Conservation agriculture practices that reduce soil disturbance using NT soil 
management and diverse cropping systems may increase SOM and SOC and lead to 
increased infiltration rates (qs) (Martens and Frankenberger, 1992). Long-term study 
conducted by Hangen, et al. (2002) reported that qs values were higher in soils under 
conservation practices such as NT because of the increase in continues macropores 
network compared to tilled soils. Several studies found that NT and cropping 
diversification increased earthworm population that lead to increased qs values (Francis 
and Knight, 1993).  Moreover, wet soil conditions under machinery traffic tend to reduce 
infiltration rates (Peigné, et al., 2007). 
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2.3.4. Soil Microbial Properties  
Soil microbial properties are recognized as integrative parameter of soil quality 
because of they are involvement in many ecosystem processes (Yao, et al., 2006). The 
microbial community in soil plays a fundamental role on nutrient cycling, energy flow, 
and organic matter turnover (Moore, et al., 2000, Schutter, et al., 2001, Yao, et al., 2000). 
There are many soil microbial parameters to study (Sparling, 1997). In this dissertation, 
soil microbial properties are related to the change in SOC and SOM will be studied, these 
include soil microbial biomass carbon (MBC), soil microbial biomass nitrogen (MBN), 
soil enzymes, and carbon fractions.  
Many studies reported that adopting diverse cropping systems associated with no-
till management could impact MBC and MBN in soil (Yin, et al., 2004). Moreover, many 
researchers reported that adopting complex cropping systems versus monoculture 
cropping system increased MBC and MBN (Acosta-Martinez, et al., 2003). Most of 
studies reported that the main reason behind the change in microbial activity under crop 
diversity and tillage management was due to the higher input of organic matter and 
carbon in the soil profile (Miller and Dick, 1995, Moore, et al., 2000, Robinson, et al., 
1996). The MBC constitutes only 1–3% of total soil C, while MBN up to 5% of total soil 
N (Jenkinson and Ladd, 1981). 
A long-term study conducted by Moore, et al. (2000) reported that following 
diverse cropping systems such as maize-maize-oat-meadow (MMO-M) increased MBC 
compared to other less complex cropping system maize-soybean (MS), and monoculture 
cropping systems maize-maize (MM). Similarly, MBN data were highest under diverse 
cropping system (MMO-M) and the lowest were observed under MM cropping system. 
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Another study conducted by Govaerts, et al. (2007) showed that NT system increased 
MBC compared to CT, and significantly increased MBN compared to CT under MM 
cropping system and non-residue removal. Moreover, a long term study established in 
1976 conducted by Balota, et al. (2004) reported an increase in MBC under all cropping 
systems soybean-wheat; SW, maize-wheat; MW, and cotton-wheat; CW under NT by 96, 
98, and 58% compare to that under CT and SW, MW, and CW. Moreover, the same 
study reported an increase in β-glucosidase enzyme by 37% under NT as compared to CT 
among all rotation cropping systems. another study conducted by Roldán, et al. (2003) 
disagreed with the previous studies and reported no differences under NT and CT 
systems in MBC, MBN, and β-glucosidase enzyme. But they detected significant 
increase in urease enzyme activity under NT by 123% compare to that under CT system. 
A 12 years study conducted by Soon, et al. (2007) showed numeric increases (not 
always significant) under a NT system in labile carbon fraction (HWC) by 13%, and by 
10% in stable carbon fractions (CWC), as compared to that observed under CT system. 
Moreover, HWC was higher under a diverse cropping system RcWCW (red clover 
(Trifolium pratense L.) green manure–wheat–canola (Brassica rapa L.)–wheat/red 
clover) by 1% when compared to monoculture cropping systems. 
 
2.4. Research Gaps 
There is lack of information on the impacts of diverse cropping systems on soils 
in Northern Great Plain region of USA. Many of the recent studies were short-term 
experiments, and are not helpful in detecting the changes in soils such as SOC, and other 
related properties. Therefore, a detailed investigation regarding the impact of 
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conservation agriculture practices such as crop diversification and tillage management on 
soil quality indicators, that include soil physical and hydrological, chemical, and 
microbial properties is needed.  
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Table 2.1. Literature collected from previous published papers across the world showing the impacts of diverse crop rotation 
systems on soil organic carbon.  
 
Authors Location Precipitation 
(Annual) 
Soil Type Crop Rotation Duration 
(Years) 
†SOC Range 
Kumar, et al. 
(2012b) 
Ohio, USA 1000 mm 
Well-drained 
(silt loam) 
Maize-maize (R1), maize- 
soybean (R2) 
49 
Higher in 0-10 cm under R1 
(16.2 g kg−1) than R2 (15.7 g 
kg−1), non-significant 
Robinson, et 
al. (1996) 
Iowa, USA 711 mm Clay loam 
Maize-soybean (R1), maize- 
oat-meadow-meadow (R2) 
42 
Higher under R2 (32.3 g kg−1) 
than R1 (28.2 g kg−1) 
Campos, et 
al. (2011) 
Cruz Alta, 
Brazil 
1,774 mm Clay 
Wheat-soybean (R1), wheat-
soybean- black oat-soybean 
(R2), black oat-soybean-
black oat-maize-oilseed 
radish (R3) 
26 
Higher in 0-5 cm in order R3 (6.2 
Mg ha-1), R2 (5.12 Mg ha-1) than 
R1 (4.03 Mg ha-1) 
Varvel, 
(2006) 
North Dakota, 
USA 
- 
 
Silty clay 
loam 
Oat -grain sorghum-
soybean-maize (R1) and 
maize–soybean (R2) 
20 
Higher under R1 (15.92 Mg ha–1) 
compare to R2 (13.88 Mg ha–1) 
Barbera, et 
al. (2012) 
Sicily, Italy 481 mm Clay 
Wheat-wheat (R1) and 
wheat- faba bean (R2) 
19 
Higher under R2 (21.2 g kg−1) 
than R1 (18.2 g kg−1) 
Zuber, et al. 
(2015) 
Illinois, USA 978 mm 
Silty clay 
loam 
Maize-maize (R1), soybean-
soybean (R2), and maize-
soybean-wheat (R3) 
19 
Higher in 0-20 cm depth under 
R3 (47.1 Mg ha–1) than R1 (44.6 
Mg ha–1) and R2 (41.2 Mg ha–1) 
Shrestha, et 
al. (2013) 
Saskatchewan
,CA 
Semiarid Silt loam 
Fallow-canola-wheat (R1) 
and wheat-oilseed-pulse 
(R2) 
17 
Higher under R2 (30.8 Mg ha–1), 
than R1 (29.3 Mg ha–1) under NT 
†SOC= Soil Organic Carbon; R= Rotation system; NT= No-tillage; N=Nitrogen 
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Table 2.2. Literature collected from previous published papers across the world showing the impacts of tillage management on 
soil organic carbon. 
 
Author Location Precipitation 
(Annual) 
Soils Tillage Duration 
(Years) 
SOC Range 
Kumar, et al. 
(2012b) 
Ohio, USA 1000 mm silt loam †NT, CT, PT 49 
Higher in 0-20 cm under NT and RT 
were by 26% than the MP and CT. 
Mikha, et al. 
(2013) 
Colorado, USA 418 mm Silt loam CT, MP, NT, RT 39 
Higher in 0-30 cm under NT (32 Mg 
ha-1) and RT (31.6 Mg ha-1) than MP 
(26.1 Mg ha-1) and CT (26.5 Mg ha-1). 
Dolan, et al. 
(2006) 
Minnesota, USA - Silt loam MB, CH, NT 23 
Higher under NT by 30% in 0-20 cm 
than MB and CH. 
Wright, et al. 
(2005) 
Texas, USA 980 mm Silty clay loam CT, NT 23 
Higher in 0-5 cm by 72% than CT, no 
tillage effect at the 5-15 cm depth. 
Álvaro-Fuentes, 
et al. (2008) 
Lleida, Spain 430 mm Silt loam CT, ST, RT, NT 21 
Higher in 0-5 cm, under NT (12.8 Mg 
ha−1) than RT (9.1 Mg ha−1), ST (7.7 
Mg ha−1), CT (5.6 Mg ha−1) 
Chivenge, et al. 
(2007) 
Harare, 
Zimbabwe 
800–1000 mm Clay CT, CR, TR, MC 19 
Higher under TR (20.4 mg g-1) 
compared to MC (17.2 mg g-1) CR 
(16.8 mg g-1), CT (14.9 mg g-1) 
Zhao, et al. 
(2015) 
Hebei, China 480.7 mm Silt loam NT, PT, RT 14 
Higher under NT by 12% in 0-5 cm, 
17% in 5-10 cm, and 5.6% in 10-20 
cm than RT and PT 
†NT = No-tillage, PT = plow tillage, CT = conventional tillage, ST= subsoil tillage, CR= clean ripping, TR= tied ridging, MB= moldboard plow, CH= chisel plow, RT= rotary 
tillage, MC= mulch ripping, SOC = soil organic carbon 
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CHAPTER 3 
SOIL ORGANIC CARBON CHANGES IMPACTED BY CROP ROTATIONAL 
DIVERSITY UNDER NO-TILL FARMING IN SOUTH DAKOTA, USA 
ABSTRACT 
Soil organic carbon (SOC) is critical for the development and maintenance of soil 
structure needed for productive and healthy soils. Diverse cropping systems and no-till 
(NT) are often suggested as management tools to improve SOC and soil structure. The 
present study was conducted to evaluate the interaction of tillage and rotation systems on 
SOC and selected soil properties. The long-term site initiated at Beresford, South Dakota 
in 1991 is comprised of two tillage systems [NT and conventional-till (CT)], and three 
crop rotations [maize (Zea mays L.)-soybean (Glycine max L.) (MS); maize-soybean- oat 
(Avena sativa) (MSO); and maize-soybean-oat (Avena sativa)-wheat (Triticum aestivum 
L.) (MSOW)]. Soil sampling was conducted in the maize and soybean phases of each 
rotation in 2014. Average annual rainfall of the study site is 627.4 mm and the average 
temperature ranges from -14.1°C in January to 31.8°C in July. Soil samples were 
collected from four depths (0- to 7.5-, 7.5- to 15-, 15- to 30-, and 30- to 60-cm) after crop 
harvest, and analyzed for SOC, total nitrogen (TN), bulk density, water aggregate 
stability (1-2 mm), and light fractions of carbon and nitrogen. Data showed that after 23 
years, the 4-yr rotation significantly increased SOC concentrations up to 30-cm in both 
tillage systems compared to that under 3- and 2-yr rotations, which subsequently 
decreased the bulk density in the 4-yr rotation for these depths. There was also a 
significant interaction between tillage and rotation. The NT system significantly 
increased SOC relative to CT within the 4-yr rotation in the top 30 cm. Data from this 
30 
 
 
 
study revealed that long-term use of diverse crop rotations (MSOW) under NT system in 
South Dakota, USA improved SOC concentrations and other soil properties compared to 
that of less complex (MS) systems. 
 
Abbreviations: CT, conventional-till; LFOC, light fraction of carbon; LFON, light 
fraction of nitrogen; MS, maize-soybean; MSO, maize-soybean-wheat; MSWO, maize-
soybean-wheat-oat; NT, no-till; SOC, soil organic carbon. 
 
3.1. INTRODUCTION 
Agriculture practices such as tillage and crop rotations affect soil erosion 
(Horowitz et al., 2010) and organic carbon (SOC) (Campos et al., 2011; Zuber et al., 
2015). Diverse crop rotations with no-till (NT) farming have been promoted for 
controlling erosion and increasing crop performance. These practices improve soil 
properties and utilize water and nutrients available in the soil profile for sustaining yields 
(Miller et al., 2002). Crop rotations help in pest control by breaking pest cycles, control 
weeds and diseases, and build-up soil quality and preserve the environment (Baldwin, 
2006). Site specific crop rotation systems are beneficial for improving soil quality and 
crop productivity compared to traditional practices (Verhulst et al., 2011). Studies have 
reported a positive impact of NT farming and diverse crop rotations on soil fertility 
improvement by fixing atmospheric N within the soil profile (Sherrod et al., 2003).  
Soil and crop management practices impact the quality of SOC in soil profile 
(Soane et al., 2012), soil physical properties (Gozubuyuk et al., 2014) and wet aggregate 
stability (WAS) (Sheehy et al., 2015). The SOC is comprised of labile and stable or 
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recalcitrant pools with varying residence times (Srinivasarao et al., 2014). The light 
fraction of carbon (LFOC) is the active and sensitive part of SOC that can rapidly 
respond to changes in agriculture practices such as tillage and rotation, and influences 
nutrient cycling, thus maintaining soil health and productivity (Zhou et al., 2012). The 
LFOC is considered as contained in free organic matter, which is not complexed with 
minerals (Spycher et al., 1983). In addition, a part of LFOC can be found as intra-
aggregate particulate carbon that is physically stabilized in soil macro-aggregates 
(Cambardella and Elliott, 1992). The recalcitrant or passive pool is complexed and only 
slowly altered by microbial activity (Weil et al., 2003). 
The interest in reducing tillage among producers living in northern Great Plains 
(NGP) region of USA has been increasing due to the need to conserve moisture and 
enhance crop production. The NGP region consists of several states in the USA 
(Montana, North Dakota, South Dakota, and Wyoming), and the Prairie Provinces of 
Canada (Manitoba, Saskatchewan) (Bureau, 2000). Farming practices in this region 
changed from conventional till (CT) and wheat (Triticum aestivum L.)–fallow systems to 
continuous cropping with a variety of rotation systems under NT management (Cochran 
et al., 2006). The NT farming in this region ranges from 50 to 90% among counties, and 
adoption of NT dryland cropping increased with crop diversification and a reduction in 
fallow (Hansen et al., 2012). Maize (Zea mays L.)-soybean (Glycine max L.) is the most 
common rotation adopted in the southeast portion of NGP. The planted area of maize and 
soybean especially in North and South Dakota tripled from 1980 to 2011 (NASS, 2013). 
Furthermore, the NGP region of North America is an important contributor in enhancing 
the food security of the region because soils of this region are recognized as fertile which 
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contribute a large proportion of the cereal grain and oilseed production to the total global 
annual production of US$20 billion (Liebig et al., 2004). However, crop management 
practices in this region must adapt to a climate that is often extreme and unpredictable 
due to a mix of drought, wet-periods, and sporadic precipitation events (Hansen et al., 
2012).  
Historically, many researchers have measured the impacts of either tillage or 
rotation on SOC and carbon fractions under short and long-term experiments across the 
world. A long-term study (1995 to 2005) conducted by Shrestha et al. (2013) in 
southwestern Saskatchewan showed that wheat-oilseed-pulse rotation system increased 
SOC compare to fallow-canola (Brassica napus)-wheat rotation system under NT 
management. Another study conducted by Wegner et al. (2015) in Brookings, SD 
reported that adopting NT system associated with low residue removal can improve SOC 
under a maize-soybean rotation system. Limited studies documented the integrated 
impacts of tillage and rotation on SOC over long periods of time in the NGP. Therefore, 
the present study was conducted with the specific objective to assess the changes in SOC, 
C and N fractions and few other selected soil properties due to a combination of long-
term tillage and crop rotations. 
 
3.2. MATERIALS AND METHODS 
3.2.1 Experimental Plots and Location 
The experimental site is located near Beresford (43° 02’ 58” N, 96° 53’ 30” W), 
South Dakota at the Southeast Research Farm of the South Dakota State University. The 
experiment was initiated in 1991 to study the effect of tillage and crop rotation on crop 
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production and soil properties. Soils of the experimental plots are Egan soil series (Fine-
silty, mixed, superactive, mesic Udic Haplustolls) (NRCS, 2015a). These plots were 
established on nearly flat areas. The average annual rainfall is 627.4 mm and the average 
temperature ranges from -14.1°C in January to 31.8°C in July (NRCS, 2015b). The 
experiment has 48 plots laid out in a randomized complete block design. Each 
experimental plot is 20 m wide and 100 m long. The experiment included two tillage 
systems: (i) NT and (ii) CT, and three crop rotations: (i) 2-yr, maize–soybean, (ii) 3-yr, 
maize–soybean–oat (Avena sativa L.), and (iii) 4-yr, maize–soybean–oat–wheat. Maize 
crop was planted on May 16, 2014 and soybean was planted one week later on May 22. A 
total of 180, 170 and 70 kg N ha-1 was applied in maize, wheat and oats, respectively. No 
fertilizer was applied in the soybean crop. Small grain crops in the 4-yr rotation were not 
consistent. Each tillage and crop rotation was replicated four times with every crop grown 
every year. The present study is focused on maize and soybean phases of each rotation. 
Therefore, all the soil samples were collected only from these two (maize and soybean) 
phases. The information on basic initial soil properties can be found elsewhere (Ibrahim 
et al., 2015). 
 
3.2.2. Soil Sampling 
Soil samples were collected in the fall of 2014 after crop harvest from 0- to 7.5-, 
7.5- to 15-, 15- to 30-, and 30- to 60-cm depths of every replicated plot (n = 4) using a 
hydraulic probe unit. These samples were extracted using an 11-cm diameter probe. Four 
replicated samples from each plot were extracted, and sectioned to represent the plot. A 
total of two samples per plot were used for bulk density analysis, and the remaining two 
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were used for analyzing other soil parameters. Soil samples were sealed in plastic zip-
lock bags, transported to the laboratory and stored at 4°C pending analysis. After 
calculating the bulk density (ρb), the remaining soil samples were air dried, grounded, and 
sieved to pass through a 2-mm sieve. Soil samples were also sieved to obtain a 1-2 mm 
soil fraction for use in the analysis of WAS. In addition, soils were ground to <0.25 mm 
in size for analyzing soil carbon fractions.  
 
3.2.3. Lab Analysis 
Soil bulk density for the 0- to 7.5-, 7.5- to 15-, 15- to 30-, and 30- to 60-cm depth 
increments were determined using the core method (Grossman and Reinsch, 2002). Soil 
samples were dried in a convection oven at 105°C until a constant mass was obtained. 
The ρb was calculated by dividing the oven dry soil sample with the volume of soil core 
based on individual soil sample depth intervals.  
The wet aggregate stability was measured using the procedure of Kemper and 
Rosenau (1986).  Soils from 0- to 7.5-cm and 7.5- to 15-cm depths were sieved to obtain 
1-2 mm aggregates. Air-dried aggregates were pre-moistened to saturation in a 
vaporization chamber and placed on a 0.25 mm screen. The samples were immersed in 
deionized water for 3 minutes and then subjected to an oscillating movement in water for 
3 minutes in an apparatus designed according to specifications outlined in Kemper and 
Rosenau (1986). The wet stable aggregates were described as the percentage of stable 
aggregates retained on the screen compared to the initial sample mass corrected for air-
dry moisture and sand content.  
Total soil carbon (TC) and nitrogen (TN) concentrations were determined by the 
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dry combustion method using a TruSpec CHN analyzer (LECO Corporation, St. Joseph, 
MI). The SOC was calculated by subtracting the soil inorganic carbon from total carbon. 
Carbon light fraction (LFOC) and nitrogen light fraction (LFON) were determined for 
surface depth of 0- to 7.5-cm using the density fractionation method (Spycher et al., 
1983). A total of 10 g of soil sample was air-dried, sieved through a 0.25 mm sieve, and 
40 ml of sodium iodide (NaI) solution (density ═ 1.60 g cm-3) were added to soil in 
centrifuge tubes and placed in centrifuge at 3,000 rpm for 10 minutes. The remaining 
solution was filtered by dried filter paper by using a vacuum system. Funnels were 
cleaned by 0.01 M CaCl2 and deionized water, and then placed on filter papers in an oven 
at 70°C. Dried samples on filter papers were analyzed for carbon using a CHN analyzer. 
 
3.2.4. Statistical Analysis 
Tillage and rotation impacts on measured soil parameters were analyzed using 
pairwise method to compare least-squares means estimated by a mixed model using 
GLIMMIX procedure in SAS9.4 (Institute, 2014). Tillage and rotation treatments were 
considered as fixed effects and replications as random effect in the model. The analysis 
of variance (ANOVA) was used to test the fixed effects of the tillage and rotation 
systems on the soil properties based on the mixed model. Statistical differences were 
stated as significant at the α = 0.05 level. 
 
3.3. RESULTS AND DISCUSSION 
3.3.1 Soil Organic Carbon (SOC), Total Nitrogen (TN), and Soil Bulk Density (ρb) 
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   Data for SOC concentrations (g kg-1) under different rotation and tillage systems 
for soybean and maize phases in the 0- to 7.5-, 7.5- to 15-, 15- to 30-, and 30- to 60-cm 
depths are presented in Table 3.1. Crop rotation and tillage impacted the SOC 
concentrations (g kg-1) for every depth except for the 30- to 60-cm depth under soybean 
phase. The interactions of rotation by tillage on SOC were statistically significant for all 
the soil depths. The NT system under 4-yr rotation significantly increased the SOC 
compared to other treatments under both the phases up to 30 cm depth. The NT system 
under the 4-yr rotation had the highest SOC compared to other treatments under both the 
crop phases. Averaged across all the tillage systems, the 4-yr rotation increased SOC by 
10.6 and 12.4%, respectively, compared to 2-and 3-yr rotations in the 0- to 7.5-cm, 14.2 
and 4.95% in the 7.5- to 15-cm, and 12.1 and 15.3% in the 15- to 30-cm depth. The NT 
system increased SOC compared to that of CT up to 30 cm depth (Table 3.1). The 2-yr 
rotation under NT system (29.3 g kg-1) under maize phase had statistically similar SOC 
values compared to that with 4-yr rotation under NT system (29.7 g kg-1) for 0- to 7.5-cm 
depth. The high value of SOC under 2-yr rotation of NT was due to an unexpectedly very 
high value of one replicated plot (31 g kg-1) and may have been an anomaly due to past 
management (data, not shown, indicates that this plot had a similar value in 2005 as that 
observed in 2014), therefore, the higher mean value in this treatment was probably not 
because of the rotation or tillage. 
The long-term usage of diverse rotation (4-yr) in the present study improved SOC 
and hence decreased ρb. A long-term study conducted by Varvel (2006) near Mead, 
Nebraska on a silty clay loam reported that two 4-yr rotations [oat -grain sorghum 
(Sorghum bicolor L.)-soybean-maize, and soybean-grain sorghum-oat-maize] increased 
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SOC compared to five 2-yr rotations (continuous maize, continuous soybean, continuous 
sorghum, maize-soybean, grain sorghum-soybean). An increase in the frequency of 
soybean in crop rotations decreased SOC concentrations (Novelli et al., 2011; Varvel, 
1994). Similar results are reported in the present study. Data from this study showed that, 
in general, NT system increased SOC after 23 years compared to that under CT system. 
The NT increased the SOC in both the maize and soybean phases. However, differences 
were not always significant. A long-term experiment conducted by Dolan et al. (2006) 
near Rosemount, Minnesota on silt loam soil reported that at surface depth 0- to 7.5-cm, 
NT systems increased SOC by 30% compared to tilled systems. Similar findings were 
also reported in other studies (Halvorson et al., 2002; López-Garrido et al., 2009; Sainju 
et al., 2006; Ussiri and Lal, 2009). The trend was reversed at lower depths where tilled 
systems increased SOC (26 Mg ha-1) than with NT (13 Mg ha-1). This change in trend of 
SOC contents is due to mixed crop residue throughout the lower layer by mechanical 
operations, which increased SOC concentrations in the lower depths (Ussiri and Lal, 
2009; Yang and Wander, 1999). A similar trend was observed in the present study at the 
30- t0 60-cm. 
Data on TN concentrations (g kg-1) for different depths as impacted by rotation 
and tillage systems under soybean and maize phases are shown in Table 3.2. Data showed 
no significant interactions of tillage by rotation on TN under both the phases except at 
15- to 30-cm depth under maize phase. Rotation significantly influenced TN at all the 
depths only under maize phase. The TN contents under maize phase were higher under 4-
yr for 0- to 7.5-, 7.5- to 15-, and 30- to 60-cm depth compared to 2-yr rotation, and 15- to 
30-cm and 30- to 60-cm depths compared to 3-yr rotation. Averaged across all the tillage 
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systems under maize phase, the 4-yr rotation increased TN by 10, 4, and 36% for 0- to 
7.5-, 7.5- to 15-, and 30- to 60-cm depths, respectively, compared to 2-yr, and 7 and 27% 
for 15- to 30-cm and 30- to 60-cm depth compared to 3-yr. Results showed significant 
differences on TN due to tillage management in all depths of either phases except 30- to 
60-cm under soybean phase. The TN, averaged across all the rotation systems, was higher 
by 6.4 and 11% under NT compared to that under CT in surface 0- to 7.5-cm depth for 
soybean and maize phases, respectively. A similar trend was observed for the other 
depths. Data showed that TN contents improved by using the long-term diverse 4-yr crop 
rotation especially under NT system. A study conducted by Van Eerd et al. (2014) near 
Ridgetown, Ontario, Canada on clay loam soil reported that potential mineralizable N 
significantly increased under NT (11.1 mg kg-1) compared to that under CT (7.65 mg kg-
1). The higher TN concentrations under NT system were probably because of the higher 
level of microbial biomass and organic N in NT compared to that in CT system (Soon et 
al., 2001). Mazzoncini et al. (2011) reported that the highest increases in TN and SOC 
contents were achieved with legume winter cover crops. A long-term study conducted by 
Carpenter-Boggs et al. (2000) in South Dakota investigated the impacts of rotation 
systems on N content and reported that after 10 years, the TN was increased under 4-yr 
rotation [maize–soybean–wheat–alfalfa (Medicago sativa L.)] (189 kg ha-1) compared to 
that under maize-maize (133 kg ha-1) and maize-soybean (142 kg ha-1) rotation systems. 
Inclusion of alfalfa from 1991 through 2011 under 4-yr rotation increased the TN 
contents in the present study. Carpenter-Boggs et al. (2000) reported that inclusion of 
legume crops such as alfalfa in 4-yr rotation systems played an important role in 
increasing N content in soil profile.  
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Data on C:N ratio as influenced by different tillage and rotation systems for 0- to 
7.5-, 7.5- to 15-, 15- to 30-, and 30- to 60-cm depth under both the phases are presented 
in Table 3.3. The interaction of rotation by tillage on C:N ratio were significant at 15- to 
30-cm in soybean phase. The interaction at the 15- to 30-cm depth was related to 
differences between NT and CT in the 2 and 3-yr rotations, while no differences were 
observed between tillage systems in the 4-yr rotation. Rotation significantly impacted the 
C:N ratio at all depths except 30- to 60-cm in soybean phase. Interactions between 
rotation and tillage were observed at all depths except at 30- to 60-cm depth in the maize 
phase. There was an increase in the C:N ratio under NT in the 2-yr rotation at the 0- to 
7.5-cm depth under the maize phase. This is related to the higher SOC observed at this 
depth and treatment (Table 3.1).  A higher C:N ratio under NT was also observed at the 
15- to 30-cm depth. There was an overall effect of tillage on the C:N ratio at the 30- to 
60-cm depth under maize phase with a higher C:N ratio in CT than in NT. The 4-yr 
rotation increased the C:N ratio by 7, 17, and 13% as compared to 2-yr rotation for 0- to 
7.5-, 7.5- to 15-, and 15- to 30-cm depths in soybean phase. A long-term study conducted 
by Freixo et al. (2002) in Brazil on well-drained Rhodic Ferralsol showed that NT 
associated with complex [wheat-soybean-hairy vetch (Vicia villosa)-maize] cropping 
system has higher C:N ratio (non-significant) in the upper 0- to 5-cm followed by CT 
associated with wheat-soybean, NT with wheat and soybean and CT with wheat-soybean-
hairy vetch-maize cropping system. However, CT with wheat and soybean rotation has 
higher C:N ratio in the lower depths compared to NT system. A similar trend was 
observed in our study. The changes in C:N ratio in different management systems are 
likely due to the contribution of residue and root inputs (Puget and Lal, 2005). The non-
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significant increase of C:N ratio under CT compare to NT probably is related to 
mechanical redistribution when residues and roots in soil homogenized and distributed in 
soil profile (Düring et al., 2002; Wright et al., 2007). 
Bulk density (ρb, Mg m
-3) data for soybean and maize phases are shown in Fig. 
3.1. The rotations by tillage interactions were only significant at 7.5- to 15-cm depth 
under soybean and 0- to 7.5-cm and 7.5- to 15-cm depths under maize phase. In the 
soybean phase, rotation systems significantly impacted ρb in all the depths. Averaged 
across the tillage systems, the 2-yr rotation increased ρb compared to that under 4-yr 
rotation in the 0- to 7.5-cm (1.27 vs. 1.22 Mg m-3), 7.5- to 15-cm (1.29 vs. 1.25 Mg m-3), 
and 30- to 60-cm (1.43 vs. 1.36 Mg m-3) depths. The 4-yr rotation had always lower ρb 
compared to that under 3- and 2-yr rotation systems. However, the differences were not 
always significant. Under maize phase, rotation significantly impacted ρb only at 0- to 
7.5-cm and 7.5- to 15-cm depths. The 4-yr rotation significantly decreased soil ρb 
compared to 2-yr rotation at these depths under maize phase. Tillage management also 
significantly impacted soil ρb only at 0- to 7.5-cm and 7.5- to 15-cm depths under both 
the phases. The NT system decreased soil ρb by 1.6 and 4.6%, respectively, in the 0- to 
7.5-cm and 7.5- to 15-cm depths compared to that under CT system in soybean phase. 
The NT decreased soil ρb by 2.2 and 4% under maize phase compare to CT system. In 
general, soil ρb increased with the depth in both rotation and tillage systems.  
Data from our study showed that 4-yr rotation decreased soil ρb compared to that 
under 2-yr rotation. Similar results were reported by Pikul et al. (2008) from a study 
conducted at Brookings, South Dakota on a Barnes soil (fine-loamy, mixed, superactive, 
frigid Calcic Hapludoll). They reported that 4-yr rotation (maize–soybean–wheat –
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alfalfa) decreased ρb compared to that under maize-soybean and maize-maize rotations. 
However, differences were not significant. These researchers also reported that lower ρb 
in 4-yr rotation was due to the fact that the growth and decay of root systems loosened 
the soil and hence reduced the ρb. A similar conclusion was also reported by Lampurlanés 
and Cantero-Martinez (2003) and Riedell et al. (2013). Data from this study showed that 
NT decreased ρb compared to that under CT. A number of studies have reported this 
elsewhere. A study conducted by Liebig et al. (2004) in a long-term experiment at 
Mandan, North Dakota located on a Wilton silt loam reported that CT increased ρb 
compared to NT, however, differences were not significant.  
Data on weighted SOC, BD and SOC stock (kg m-2) for 0- to 15-cm and 0- to 60-
cm depths under soybean and maize phases are shown in Table 3.4. Data showed that 4-
yr rotation under NT had the highest and 2-yr rotation with CT has the lowest SOCw in 0- 
to 15-cm depth as compared to other treatments under soybean phase. Similar trend was 
observed under maize phase. However, SOCw for the 0- to 60-cm depth under all the 
treatments were almost the same under soybean and maize phase except that 3-yr rotation 
under CT and NT had the lowest C stock compared to other treatments. Soil bulk density 
for 0- to 15-cm depth was highest under 2-yr and 3-yr rotation under CT system. Bulk 
density for 0- to 60-cm depth was the highest in 2-yr under CT system. Averaged across 
the tillage systems, the 4-yr rotation has the highest SOC stock for 0- to 60-cm depth 
under both the phases. However, differences were not always significant (Table 3.4). The 
SOC stock for 0- to 60-cm depth, average across the rotation systems, was higher for CT 
system compared to NT in maize phase, and the value was similar in soybean phase. This 
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higher value of stock in CT was due to the higher bulk density (BDw) value compared to 
that in NT system. 
 
3.3.2. Soil Carbon and Nitrogen Fractions 
The data of LFOC and LFON for the 0- to 7.5-cm depth under maize and soybean 
phases are shown in Table 3.5. The tillage by rotation interaction was significant for 
LFOC only under the soybean phase due to a lower LFOC in CT compared to NT in the 
2-yr rotation. Rotation significantly impacted the LFOC and LFON under both (soybean 
and maize) phases (Table 3.5). The LFOC significantly increased under 4-yr rotation 
(2.13 g kg-1) by 39% compared to that under 2-yr rotation (1.53 g kg-1) and 17% under 3-
yr rotation (1.82 g kg-1) systems under soybean phase. The LFOC significantly increased 
in 4-yr rotation by 19% compare to 2-yr rotation systems under maize phase. The LFON 
data followed a similar trend where 4-yr rotation significantly increased LFON (0.13 g 
kg-1) by 44 and 30% compared to 2-yr (0.9 g kg-1) and 3-yr (0.1 g kg-1) rotation systems, 
respectively, under soybean phase. Data under maize phase showed similar trend. Tillage 
also impacted LFOC and LFON, and higher value was observed under NT compared to 
that under CT. Under soybean phase, the NT system increased LFOC by 7% compare to 
that under CT primarily due to the difference in NT and CT in the 2-yr rotation. 
Furthermore, NT also increased LFON by 10% compare to CT. A similar trend was 
observed under maize phase where NT system increased LFOC by 15% and LFON by 
20% compare to CT. The LFOC and LFON fractions are sensitive indicators of soil 
quality that are impacted by rotation systems. Long-term study of 20-yr by Yang et al. 
(2012) compared carbon fractions response to cropping systems. These researchers 
measured four different carbon fractions (particulate organic carbon, light fraction 
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organic carbon, microbial biomass carbon, and permanganate oxidizable carbon). The 
results showed that LFOC was the most sensitive to cropping systems compared to other 
carbon fractions. A study conducted by Tan et al. (2007) near Coshocton, Ohio reported 
that NT (88 g kg-1) increased LFOC compared to that under CT (41 g kg-1) for the 0- to 5-
cm depth. Data on LOFN followed the same trend (4.9 g kg-1 under NT vs. 1.5 g kg-1 
under CT). The study reported that changes in LFOC and LFON are positively correlated 
to the changes in WAS, and similar findings were observed in the present study.    
Crop rotation and tillage systems impact on light fraction carbon and nitrogen 
ratio in both phases at surface depth are also reported in Table 3.5. No significant 
differences were indicated in both phases by crop rotation and tillage systems. Data 
showed interactions of tillage by rotation only under soybean phase (P<0.004) related to 
the interaction observed in the LFOC fraction. Commonly, the light fraction referred to as 
being less stable with a high C concentration (Golchin et al., 1994; Gregorich et al., 
1996) which results in high values of C:N ratio within LFOC.  
 
3.3.3. Water Aggregate Stability 
Water aggregate stability (WAS; %) data under different tillage and rotation 
systems for soybean and maize phases are shown in Table 3.6. Data showed that rotation 
significantly impacted WAS in surface and subsurface depths under both soybean and 
maize phases. The rotation by tillage interactions was only significant at 0- to 7.5-cm 
depth under soybean phase. This was related to a higher WAS in CT relative to NT in the 
2-yr rotation. The WAS in the 3 and 4-yr rotation was higher in the soybean phase in NT 
compared to CT at the 0- to 7.5-cm depth. The 4-yr rotation increased WAS compared to 
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2 and 3-yr rotations for both the depths under soybean and maize phases, however, in 
maize phase, the WAS was not significantly different between 4-yr vs. 3-yr rotation 
system for 7.5- to 15-cm depth (Table 3.6). Tillage significantly impacted WAS in both 
the soil depths under maize and soybean phases except at 7.5- to 15-cm depth under 
maize phase. The NT tended to increase the WAS compared to that under CT under both 
the phases at both the soil depths but significant differences were not observed at 7.5- to 
15-cm depth of maize phase. The WAS under NT (95.7%) significantly increased by 2% 
compared to CT system (93.7%) under soybean phase in 0- to 7.5-cm. A similar trend 
was observed under surface depth in maize phase where NT (95.2%) significantly 
increased WAS by 1.6% compare to CT (93.7%). The 4-yr rotation under NT improved 
WAS compared to that under other treatments. The 4-yr rotation under NT increased 
WAS by 4% compared to 4-yr rotation under CT system in 0- to 7.5-cm under soybean 
phase.  
A long-term (19-yr) study conducted by Zuber et al. (2015) in Monmouth, IL on 
silty clay loam (fine-silty, mixed, mesic Typic Endoaquoll) showed that crop rotation and 
tillage systems impacted the WAS. These researchers showed that maize-soybean-oat 
rotation (0.87 kg kg–1) increased the WAS compared to that under maize-soybean (0.82 
kg kg–1) and soybean-soybean-soybean (0.79 kg kg–1) rotation systems. The increase in 
WAS was due to a reduction in soybean frequency in rotation systems (Zuber et al., 
2015). Similar findings were also reported by Martens (2000). A long-term experiment 
was conducted by Kumar et al. (2012) at Wooster, Ohio on a well-drained Wooster silt 
loam soil in which it was observed that NT increased WAS for the 0- to 10-cm and 10- to 
20-cm depth compared to that with plow till system. The study reported that mechanical 
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tillage increased the breakdown of soil macro-aggregates. In addition, soil under CT 
system distributed aggregates during the plowing event by bringing protected aggregates 
to the soil surface. Tillage and crop rotations had a strong influence on the stabilization 
mechanisms and dynamics of organic carbon in arable soils (von Lützow et al., 2008). In 
the present study, rotation and tillage significantly impacted the water stable aggregates. 
The NT management had greater stable aggregates associated with higher SOC (Table 
3.1). The NT system likely improved the physical protection of organic carbon from 
decomposition and therefore, generally had higher SOC. In contrast, CT disrupts 
aggregates and exposing them to microbial decomposition (Cambardella and Elliott, 
1993; Tan et al., 2007; Zotarelli et al., 2007).  
 
3.4. SUMMARY/CONCLUSIONS 
This long-term study was conducted to evaluate the impacts of tillage and 
rotations on selected soil properties including SOC, WAS, LFOC and LFON. Data 
showed an increase in SOC were statistically significant for the top 30 cm depth. To gain 
maximum benefits from NT this tillage system should be integrated with a diverse 
rotation. The no-till system under maize-soybean-oat-wheat  rotation significantly 
increased SOC up to 30 cm depth. However, SOC was not statistically different between 
maize-soybean-oat-wheat  rotation and maize-soybean under NT system for 0- to 7.5-cm 
depth. No-till system increased SOC by 18% for the surface 0- to 7.5-cm depth compared 
to that under conventional-till. A similar trend was observed for TN and WAS. A nearly 
similar trend was observed for both the crop (maize and soybean) phases. Furthermore, 
no-till also increased light fraction of carbon and nitrogen compared to that under 
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conventional till systems. Crop residue left on the soil surface under NT system improved 
the SOC, and hence decreased the bulk density, and improved other soil properties 
compared to that under conventional till. Crop rotation also impacted the selected soil 
properties. Soil organic carbon stock, averaged across all the rotations and both the crop 
phases for 0- to 15-cm depth, was marginally higher under NT by 2% compared to 
conventional-till system. The 4-yr rotation increased soil organic carbon stock by 9 and 
6.5% compared to that under 3 and 2-yr rotation systems, respectively.  
Results from this study showed that diverse crop rotations managed with NT 
systems can be beneficial in building SOC, improving labile fractions of carbon and 
nitrogen, and improving the soil aggregation. The effects of NT and diverse crop 
rotations are more likely to have measurable and significant impacts on soil health when 
systematically applied over longer durations. Future research is needed to assess the 
impacts of cover crops in the diverse crops rotations and NT farming on soil quality in 
NGP region.  
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Table 3.1. Crop rotation and tillage impacts on soil organic carbon (SOC) measured 
in the soybean and maize phases of maize-soybean (2-yr), maize-soybean-oat (3-yr), 
and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and conventional-
till (CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05. No letters are shown if the rotation 
x tillage was not significant. 
††Mean values within a column (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr 
rotations) followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a row (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 Soybean Phase    Maize Phase 
  2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 -------------------------------- SOC (g kg-1)--------------------------------- 
  0- to 7.5-cm  
NT  25.3c† 25.5c 29.1a  26.6A§  29.3a 25.2c 29.7a 28.1A 
CT 25.7c 24.5c 27.4b 25.9B  24.8c 24.7c 27.2b 25.6B 
×̅     25.5B††  25.1B 28.2A   27.1B 24.9C 28.4A  
  7.5- to 15-cm  
NT 20.8c 22.2b 24.7a 22.5A  23.4b 23.2b 25.6a 24.1A 
CT 19.9c 22.2b 23.1b 21.7B  20.5c 23.8b 23.7b 22.7B 
×̅ 20.4C 22.2B 23.3A   21.9C 23.5B 24.6A  
  15- to 30-cm  
NT     17.9d 20.1b 21.4a 19.8A  18.4b 18.1b 21.9a 19.5A 
CT  18.1cb 15.1e 19.2cb 17.5B  16.5c 18.9b 18.8b 18.1B 
×̅ 18.1B 17.6B 20.3A   17.4B 18.5B 20.3A  
  30- to 60-cm  
NT  14.0ab 15.4a 14.1ab 14.5A  13.1ab 9.62b 14.1a 12.2B 
CT     17.1a 10.7b 13.8ab 13.8A  15.0a 15.6a 13.6a 14.7A 
×̅ 15.5A 13.1A 13.9A   14.1A 12.6A 13.8A  
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Table 3.2. Crop rotation and tillage impacts on soil total nitrogen (TN) measured in 
the soybean and maize phases of maize-soybean (2-yr), maize-soybean-oat (3-yr), 
and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and conventional-
till (CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05. No letters are shown if the rotation 
x tillage was not significant. 
††Mean values within a column (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr 
rotations) followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a row (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
  Soybean Phase    Maize Phase 
 2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 ------------------------------ Total Nitrogen (g kg-1)---------------------------- 
  0- to 7.5-cm  
NT   2.46† 2.50 2.48  2.48A§  2.29  2.41 2.70 2.46A 
CT 2.26 2.37 2.35 2.33B  2.19  2.24 2.24 2.22B 
×̅     2.36A††   2.44A   2.42A     2.24B  2.32AB   2.47A  
  7.5- to 15-cm  
NT 2.08 2.02 2.12 2.07A  2.01 2.12 2.08 2.07A 
CT 1.95 2.00 1.93 1.96B  1.93 1.95 2.03 1.97B 
×̅   2.02A   2.01A   2.02A     1.97B   2.04A   2.05A  
  15- to 30-cm  
NT 1.93 1.85 1.87 1.88A  2.05a 1.80cd 1.97ab 1.94A 
CT 1.74 1.68 1.79 1.73B  1.75d   1.85bcd  1.93abc 1.84B 
×̅   1.84A   1.83A   1.76A   1.9AB 1.82B 1.95A  
  30- to 60-cm  
NT 1.36 1.22 1.20 1.26A  1.15 1.16 1.53 1.28A 
CT 1.21 1.01 1.04 1.08A  0.92 1.07 1.28 1.09B 
×̅   1.28A   1.11A   1.12A     1.04B   1.11B   1.41A  
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Table 3.3. Crop rotation and tillage impacts on carbon nitrogen (C:N) ratio 
calculated in the soybean and maize phases of maize-soybean (2-yr), maize-soybean-
oat (3-yr), and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and 
conventional-till (CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05.  No letters are shown if the rotation 
x tillage was not significant. 
††Mean values within a column (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr 
rotations) followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a row (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Soybean Phase    Maize Phase 
 2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 ----------------------------- C:N Ratio---------------------------- 
  0- to 7.5-cm  
NT  10.3†  10.2   11.7  10.7A§   12.7a  10.5c  11.0bc 11.4A 
CT  11.4  10.3   11.6 11.1A  11.3bc 11.0bc  12.1ab 11.5A 
×̅ 10.8B††  10.2B  11.6A   12.0A  10.7B  11.5A  
  7.5- to 15-cm  
NT 10.0  10.9 11.7 10.9A  11.6ab 10.9bc  12.2a 11.6A 
CT 10.2  11.1   11.9 11.1A   10.6c 12.2a  11.6ab 11.5A 
×̅ 10.1C 11.1B  11.8A   11.1B 11.5AB  12.0A  
  15- to 30-cm  
NT  9.28c  10.8ab  11.4a 10.5A  8.99c 10.1ab  11.1a 10.1A 
CT 10.3b    9.14c 10.7ab 10.1A   9.43bc 10.2ab   9.74bc 9.80A 
×̅  9.84B 10.0B  11.1A   9.21B 10.1A  10.4A  
  30- to 60-cm  
NT 10.8 13.5 12.3 12.3A  11.4  8.33 9.61 9.80B 
CT 15.3 10.8 13.4 13.1A  16.2  14.5  10.5 13.7A 
×̅ 13.1A   12.1A   12.9A     13.8A  11.4AB  10.1B  
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Table 3.4. Crop rotation and tillage impacts on weighted soil organic carbon 
(SOCw), weighted bulk density (BDw) and soil organic carbon stock (SOC stock) 
calculated in the soybean and maize phases of maize-soybean (2-yr), maize-soybean-
oat (3-yr), and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and 
conventional-till (CT) systems. 
 
†Mean values followed by different lower letters within a column for each depth represent significant 
differences due to a rotation by tillage interaction at P<0.05. No letters are shown if the rotation x tillage 
was not significant. 
††Mean values within a row (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr rotations) 
followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a row (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
  Soybean Phase  Maize Phase 
  SOCw BDw C stock  SOCw BDw C stock  
  g kg-1 Mg m-3 kg m-2  g kg-1 Mg m-3 kg m-2 
                 0- to 15-cm  
Tillage Rotation   
 
NT 
2-yr    23.1cd† 1.26b 4.36c  26.3b 1.24b 4.92a 
3-yr 23.8c 1.22d 4.36c  24.2d 1.25b 4.55b 
4-yr 26.9a  1.25bc 5.04a  27.6a 1.19c 4.93a 
 
CT 
2-yr 22.8d 1.31a  4.51bc  22.6e 1.32a 4.50b 
3-yr  23.4cd 1.31a 4.61b   24.3cd 1.25b 4.55b 
4-yr 25.2b  1.23cd 4.65b   25.4bc 1.26b 4.80a 
Average 2-yr    23.0B†† 1.28A 4.43B  24.5B 1.28A 4.71B 
 3-yr 23.6B 1.27A 4.49B  24.2B 1.25B 4.55C 
 4-yr 24.1A 1.24B 4.85A  26.5A 1.22C 4.86A 
         
 NT   24.6A§ 1.24B 4.59A  26.1A 1.23B 4.80A 
 CT 23.8B 1.28A 4.59A  24.1B 1.27A 4.61B 
 0- to 60-cm 
 
NT 
2-yr 17.3a  1.35ab 14.0a  17.7ab 1.28c  13.6ab 
3-yr 18.7a 1.31b 14.7a  15.4c  1.32bc 12.1b 
4-yr 19.1a 1.30b 14.9a  19.4a 1.27c 14.8a 
 
CT 
2-yr 18.8a 1.39a 15.6a  17.3b  1.36ab 14.1a 
3-yr 15.0b  1.33ab 12.0b   18.6ab  1.31bc 14.6a 
4-yr 18.0a 1.32b 14.3a   17.8ab 1.40a 15.0a 
      
Average 2-yr   18.0AB 1.37A 14.8A   17.5AB 1.32A   13.9AB 
 3-yr 16.8B 1.32B 13.4B  17.0B 1.31A 13.4B 
 4-yr 18.5A 1.31B 14.6A  18.6A 1.33A 14.9A 
         
 NT 18.3A 1.32A 14.6A  17.5A 1.29B 13.5B 
 CT 17.2A 1.35A 14.0A  17.9A 1.35A 14.6A 
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Table 3.5. Crop rotation and tillage impacts on light fraction of carbon (LFOC) and 
nitrogen (LFON), and light fractions of carbon nitrogen (C:N) ratio measured in the 
soybean and maize phases of maize-soybean (2-yr), maize-soybean-oat (3-yr), and 
maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and conventional-till 
(CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05 No letters are shown if the rotation 
x tillage was not significant. 
††Mean values within a column (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr 
rotations) followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a row (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 LFOC (g kg-1)  LFON (g kg-1) 
 0- to 7.5-cm 
   2-yr  3-yr  4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
  Maize Phase  
NT  17.8†  21.2  22.3 20.4A§   1.09 1.25 1.35 1.23A 
CT  16.0  19.2  18.2 17.8B   1.00 1.10 1.09 1.06B 
×̅  16.9B†† 20.2A 20.2A   1.05B   1.18A   1.22A  
  Soybean phase  
NT 18.0b 17.8b 21.0a 18.9A  1.01 1.09 1.37 1.16A 
CT 12.6c 18.7b 21.6a 17.6B  0.89 1.01 1.22 1.04B 
×̅ 1.53C 1.82B 2.13A     0.95C   1.05B   1.30A  
 ------------------------------ LF C:N Ratio-------------------------------- 
    0- to 7.5-cm    
NT  17.8ab 16.2abc 15.3bc 16.4A  16.3 17.0 16.5 16.6A 
CT 14.1c 18.7a 17.7ab 16.9A  16.0 17.5 16.7 16.7A 
×̅ 16.0A 17.5A 16.5A     16.1A   17.3A   16.6A  
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Table 3.6. Crop rotation and tillage impacts on wet aggregate stability (WAS) in the 
soybean and maize phases of maize-soybean (2-yr), maize-soybean-oat (3-yr), and 
maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and conventional-till 
(CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05. No letters are shown if the rotation 
x tillage was not significant.  
††Mean values within a column (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr 
rotations) followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a row (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 Soybean Phase    Maize Phase 
 2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 ------------------------------ WAS (%)---------------------------- 
  0- to 7.5-cm  
NT  92.2d†  97.1ab  97.8a  95.7A§  93.4 94.5 97.6 95.2A 
CT  94.9bc 89.7e 93.9cd 93.7B  92.2 90.9 97.9 93.7B 
×̅ 93.5B†† 93.3B 95.8A     92.8B   92.7B   97.8A  
  7.5- to 15-cm  
NT  91.6 93.9 97.1 94.2A  94.3 96.3 97.3 96.1A 
CT  91.9 92.0 95.5 93.1B  92.5 97.6 95.4 95.2A 
×̅  91.7C  92.9B   96.3A     93.4B   96.9A   96.3A  
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Fig. 3.1. Crop rotation and tillage impacts on bulk density measured in the maize (a 
and b) and soybean (c and d) phases of maize-soybean (2-yr), maize-soybean-oat (3-
yr), and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and 
conventional-till (CT) systems. 
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CHAPTER 4 
CROP ROTATIONAL DIVERSITY AND TILLAGE IMPACTS ON SOIL 
HYDROLOGICAL PROPERTIES IN SOUTH DAKOTA, USA 
ABSTRACT 
Soil hydrological properties play an important role in improving crop productivity. 
Adopting agriculture practices such as diverse cropping systems and no-till (NT) farming 
could be beneficial for improving soil physical and hydrological properties. The present 
study was conducted to assess the long-term impacts of crop rotational diversity and 
tillage on soil water infiltration (qs), water retention (SWR), pore-size distribution (PSD), 
bulk density (ρb) and penetration resistance (SPR). The study was established in 1991 at 
Beresford, South Dakota and included three crop rotation systems [2-yr; maize (Zea mays 
L.)-soybean (Glycine max L.), 3-yr; maize-soybean-oat (Avena sativa L.), and 4-yr; 
maize-soybean-oat- wheat (Triticum aestivum L.)] and two tillage systems (NT; no-
tillage and CT; conventional-tillage). Soil samples were collected after maize harvest 
(maize phase) and soybean harvest (soybean phase) at 0- to 7.5-cm and 7.5- to 15-cm 
depths in 2015. The average annual precipitation of the study location was 630 mm and 
the range of temperature was -14.1°C to 32°C. Data showed that NT with 4-yr rotation 
had the lowest soil ρb under both the phases compared to same rotation system under CT 
soil management. Similarly, NT 4-yr rotation decreased SPR by 20% as compared to that 
under CT 4-yr rotation under soybean phase. In 0- to 7.5-cm depth, SWR under NT with 
4-yr rotation was higher by 27% at 0 kPa, 27% at - 0.4 kPa, 28% at -1.0 kPa, 32% at -2.5 
kPa, 33% at -5.0 kPa, 30% at - 100 kPa, and 26% at -300 kPa compared to same rotation 
system under CT. A similar trend was observed for qs under same treatments where it 
was higher under NT 4-yr by 31% rotation compared to CT 4-yr rotation. Results showed 
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that a diverse cropping system with the long-term adoption of NT system can be 
beneficial in improving soil physical and hydrological properties compared to the CT 
system in South Dakota.   
Keywords: NT, no-till; CT, conventional-till; M-S, maize-soybean; M-S-O, maize-
soybean-oat; M-S-O-W, maize-soybean-oat-wheat ; bulk density; SPR, soil penetration 
resistance; SWR, soil water retention; pore size distribution; water infiltration. 
 
4.1. INTRODUCTION 
Adopting agricultural practices such as diverse cropping systems and no-till (NT) 
farming could be beneficial to improve soil hydrological properties. Additionally, diverse 
cropping systems and NT tend to increase crop performance while minimizing the 
environmental degradation (Tran Ba, et al., 2014). Tillage systems considered as one of 
the major management tools that directly impact soil physical properties (Hubbard, et al., 
2013). These mechanical tillage practices contribute to soil structure and porosity by 
breaking down microaggregates (Kumar, et al., 2012a). Residue maintenance on soil 
surface (as is the case in NT system) is an important factor for increased water 
conservation and soil aggregation (Huang, et al., 2013). Crop rotations are helpful in 
breaking pest cycle, weeds and diseases, and also increasing soil organic matter 
(Chongtham, et al., 2016). Thus, a combination of cropping system and NT system is 
very beneficial in improving the soils and environmental quality. A diverse cropping 
system and NT help in improving soil properties and increasing the utilization of soil 
moisture and nutrients, which increased crop production compared to traditional practices 
(Lehman, et al., 2017) while also decreased the operational costs of production (Fabrizzi, 
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et al., 2005).  
Soil physical properties are essential factors that directly impact soil quality, crop 
growth and production (Bauer and Black, 1994). Crop growth is highly impacted by soil 
water retention (SWR), which is directly influenced by other physical properties such as 
bulk density (ρb) and pore size distribution (PSD) (Hubbard, et al., 2013). The impacts on 
soil physical and hydrological properties due to management practices are inconsistent 
due to the combined effects of duration of the experiments, sampling date, the initial 
conditions of soil and the length of the study (Kumar, et al., 2012a). For instance, ρb 
increased  (Ferreras, et al., 2000), decreased  (Lal, et al., 1994) or was not affected 
(Chang and Lindwall, 1989) under NT vs. CT systems with or without the residue 
managements. Soil water content increased under NT, which improved water infiltration 
and reduced the amount of loose water as surface runoff and evaporation (Zhai, et al., 
1990). However, changes in soil physical properties depend on several factors such as 
climate conditions and management (Huang, et al., 2012) and other soil properties such 
as soil organic matter, soil organic carbon (SOC) and water aggregate stability (WAS) 
(Coulter, et al., 2009). Soil physical characteristics such as aggregate size or stability 
controls the carbon stock, soil microbial respiration, hydraulic conductivity 
(Yazdanpanah, et al., 2016), hence the soil water infiltration rates, the migration of 
pollutants from contaminated sites to groundwater (Bayabil, et al., 2015) and chemical 
characteristics (Shi, et al., 2016). The movements of gas and liquid which occurs through 
the soil pores, is influenced by soil physical and chemical properties such as SOC, water 
content, ρb, texture, and mineral composition. The reduction in organic carbon can lower 
the soil water retention and hence these parameters are negatively associated (Catalán, et 
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al., 2016).  
The present study was based on the hypothesis that the introduction of diverse 
crop rotations can enhance the NT benefits by adding more nutrients to the soil, reducing 
the ρb, increasing the soil porosity and hence water infiltration. Thus, the present study 
was conducted with the specific objective to assess the impacts of the combination of 
long-term cropping systems and tillage on various soil physical and hydrological 
properties.  
 
4.2. MATERIALS AND METHODS 
4.2.1. Experimental Plots and Location 
Study plots were located at Southeast Research Farm of the South Dakota State 
University, about 10 miles southwest of Beresford, SD (43° 02’ 58” N, 96° 53’ 30” W). 
The experiment was initiated in 1991 on Egan soil series (Fine-silty, mixed, superactive, 
mesic Udic Haplustolls) (NRCS, 2015a) to assess the impact of tillage and crop diverse 
rotations on soil quality and crop production. The study was focused on the long-term 
(1991-2015; 24-yr) impacts on soil physical and hydrological properties. Climate at the 
study site is temperate where the average monthly temperature ranged from -14.1°C in 
January to 31.8°C in July (NRCS, 2015b). The mean annual precipitation was 620 mm. 
The experiment had 48 plots in randomized complete block design (RCBD), and size of 
each plot is 20 m wide and 100 m in length. The treatments in this experiment included: 
NT with 2-yr rotation (NT2), NT with 3-yr rotation (NT3), no-till with 4-yr rotation 
(NT4), conventional-till with 2-yr rotation (CT2), conventional-till with 3-yr rotation 
(CT3), and conventional-till with 4-yr rotation (CT4); and crop rotations systems include; 
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[2-yr; maize (Zea mays L.)-soybean (Glycine max L.), 3-yr; maize-soybean-oat (Avena 
sativa L.), and 4-yr; maize-soybean-oat-wheat  (Triticum aestivum L.)]. Four replicates of 
each treatment and all the crops were grown each year. To avoid crop type impacts on 
soil properties, the study was focused on maize and soybean phases in each rotation. The 
information about the detailed experimental site and soil properties can be found 
elsewhere in previous publications (Alhameid, et al., 2017, Ibrahim, et al., 2015). 
4.2.2. Soil Sampling and Measurement 
4.2.2.1  Soil Bulk Density  
Intact soil core samples were collected in the fall of 2015 after maize and soybean 
harvesting from two depths; 0- to 7.5-cm, and 7.5- to 15-cm. These samples were used 
for analyzing the soil ρb using the core method (Grossman and Reinsch, 2002). The ρb 
was calculated by dividing the oven-dry soil weight with the volume of the core. 
 
4.2.2.2  Soil Water Retention and Pore-Size Distribution 
Soil water retention (SWR) was analyzed by tension and pressure plated 
extractors method as explained in Klute and Dirksen (1986). Intact core samples, those 
used for measuring the bulk density, were used to measuring the SWR. The SWR 
measurements for all the core samples, extracted from 0- to 7.5-cm and 7.5- to 15-cm 
depths were conducted at 0, -0.4, -1.0, -2.5, -5.0, -100, -300 kPa matric potentials. For the 
calculation step, soil water content (g g-1) was determined gravimetrically by measuring 
oven dry weight for each sample at 105°C for 48 h, and gravimetric moisture content was 
converted to volumetric moisture content (θ; m3 m-3) by multiplying with soil bulk 
density and dividing with the density of water. Capillary rise equation was used to 
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calculate pore size distribution from SWR data for all pore size classes (macropores, 
coarse mesopores, fine mesopores and micropores) as mentioned in Jury, et al. (1991). 
Each category has different sizes following macro-pores (>1000 μm equivalent 
cylindrical diameter; ecd), coarse mesopores (60- to 1000-μm ecd), fine mesopores (10- 
to 60-μm ecd) and micro-pores (<10 μm ecd). 
 
4.2.2.3  Soil Penetration Resistance  
Soil penetration resistance (SPR) was measured for 0- to 7.5-cm and 7.5- to 15-
cm depths in field for all the treatments using an Eijkelkamp-type hand penetrometer 
(Herrick and Jones, 2002). A total of six SPR readings per plot were taken and the 
average value was used to represent SPR for each plot and each depth. To avoid the 
impact of water content, soil moisture was measured for each depth and standardized 
using the following equation developed by Busscher and Bauer (2003): 
𝑆𝑃𝑅𝑐 = 𝑆𝑃𝑅° exp (
𝑥 − 0.1
0.132
) 
where SPRc is the adjusted penetration resistance (kPa), SPRo is the measured 
penetration resistance, x is the water content (kg kg−1), and 0.1 is the selected water 
content for standardization (0.1 kg kg−1). 
 
4.2.2.4  Water Infiltration Rate (qs) 
Water infiltration rate was measured using the ponded method as mentioned in 
Reynolds, et al. (2002). Double-ring infiltrometer rings made of PVC of 20 cm height, 
and 30 cm outer and 20 cm inner diameters were used in each plot, and a total of 2 rings 
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per plot were used. Briefly, the first ring (small ring) installed at least (10 cm) vertically 
into the soil, and the second ring (larger ring) was installed around the first ring, and 
maintained the same height similar to that of first ring. The space between the two rings 
was filled up with the water and maintained the same height. The water infiltration rate 
was measured until the steady rate achieved. 
 
4.2.3. Statistical Analysis 
Cropping and tillage systems impact on physical and hydrological parameters 
were analyzed with pairwise method to compare least-squares means estimated by a 
mixed model using GLIMMIX procedure in SAS9.4 (Institute, 2014). Both treatments 
were considered as fixed effects and replications as random effect in the model. The 
analysis of variance (ANOVA) was used to analyze the fixed effects of the treatments on 
the soil physical and hydrological properties based on the mixed model. Statistical 
differences were considered as significant at the α = 0.05 level. In addition, principal 
component analysis (PCA) was also used for data analysis. The PCA is a multivariate 
statistical tool used to separate experimental units (e.g. tillage practices) in to subgroups 
based on the measured parameters (e.g. soil characteristics) by producing the loadings of 
these parameters (termed as eigenvector) and PC scores for each unit (Figure 2). The 
magnitude and direction of the eigenvectors loadings were used to associate soil 
properties with the tillage practices. 
 
4.3. RESULTS AND DISCUSSION 
4.3.1 Soil Bulk Density  
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Data of bulk density (ρb, Mg m
-3) for soybean and maize phases are presented in 
Table 4.1. Rotation × Tillage interaction was significant (P <0.002) across the soil depths 
and phases (soybean and maize). In general, a pattern of lower ρb was apparent under 4-y 
rotation across the depths, tillage systems, and phases (soybean and maize) (Table 4.1). 
The NT also tended to have lower mean ρb relative to the CT at least in the upper soil (0- 
to7.5-cm) depth. Thus, an improvement in the soil characteristics by reducing the ρb was 
evident under the diversified (i.e. a complex multi-year/crop rotation system) long-term 
NT cropping systems. In the soybean phase under 4-y rotation, the mean ρb decreased by 
3.2% in surface and by 2.21-4.32% in sub-surface soil as compared to the 2- or 3-y 
rotation. In maize phase, this decrease in mean ρb varied between 1.61-3.17% in the 
surface and 4.38-5.07% in the sub-surface soil depths. Averaged across crop rotations in 
the soybean phase, the ρb decreased by 2.4% under NT versus CT in the surface soil, but 
it was not statistically significant. However, in the maize phase, the ρb consistently 
decreased 3.17 and 3.62% under NT versus CT in surface and sub-surface soil depths, 
respectively.  
The results from this study showed that NT system with 4-yr rotation decreased ρb 
when compared to the CT systems. In long-term study conducted by Riedell, et al. (2013) 
at Brookings, SD on Barnes loam soils (fine-loamy, mixed, superactive, frigid Calcic 
Hapludolls), these researchers reported that diverse cropping system decreased soil ρb by 
7.5% compared to less complex cropping system. The study concluded that the reduction 
in ρb under diverse cropping system was partially attributed to the growth of root systems 
that loosen the soil. Similar conclusion was reported elsewhere (Lampurlanés and 
Cantero-Martinez, 2003). Kumar, et al. (2012) also reported that long-term usage of NT 
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decreased soil bulk density compared to conventional tillage systems. However, bulk 
density impacted by the climate, soils and crop type and the duration of the study. These 
impacts on ρb could be due to the mechanical disturbance by CT systems especially in 
tilled layer and the machinery traffic compaction. Similar finding has expressed by other 
researchers (e.g., Veisitabar, et al., 2015) 
 
4.3.2. Soil Penetration Resistance 
The SPR values were greater in the sub-surface soil depth for a given tillage 
system across the soybean and maize phase (Table 4.2). A significant (P < 0.05) Rotation 
× Tillage interaction was found across the phases and soil depths. The 4-yr rotation 
consistently showed lower SPR as compared to the 2-yr or 3-yr rotation, especially under 
NT system across the phases and soil depths. However, the SPR appeared to be 
inconsistent across the years of rotation under CT system exhibiting the lowest value 
under 2-yr rotation for soybean phase and under 3-yr rotation for maize phase.  
Moreover, the NT system also decreased the mean SPR by 9-11% in soybean phase and 
8-23% in maize phase as compared to the CT system when averaged across years of the 
rotations under the both soil depths. Thus, the adoption of a cropping system with the NT 
in combination with the long-term multi-crop rotation practices including soybean and 
maize improved the soil penetration (lower SPR) in South Dakota soil, an important soil 
property, which helps in the acquisition of soil water and nutrient by facilitating root 
proliferation and plant growth.  
The SPR can provide an idea about soil compaction. Root development of plants 
are limited by soil compaction (Lipiec, et al., 2012, Nosalewicz and Lipiec, 2014) and 
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hence reduce the SWR or the uptake of water and nutrients (Batey and McKenzie, 2006). 
A study conducted by Lampurlanés and Cantero-Martinez (2003) at El Cano´s, Spain, 
reported that a rotated cropping system CAF associated with NT significantly decreased 
SPR compare with that under continuous cropping CC associated with strip till 
management. The study concluded that the lower soil strength might be due to the natural 
soil-loosening factors such as wetting, and drying cycle or fauna activity. Moreover, 
Hamza and Anderson (2005) reported that diverse cropping systems associated with NT 
increased organic matter and SOC concentration, which lead to the reduction of SPR  
 
4.3.3. Soil Water Retention and Pore Size Distribution  
Data on soil water retention (SWR) for surface (0- to 7.5-cm) and subsurface (7.5- 
to 15-cm) depths under soybean and maize phases are illustrated in Figure. 4.1 (A, B) and 
Table. 4.3A. The SWR was significantly impacted by the treatments. The NT system 
with 4-yr rotation significantly increased the SWR at every soil water pressure compared 
to that the other treatments for 0-7.5 and 7.5-15 cm depths under both the phases, 
however. Moreover, rotation by tillage interactions were significant for almost both the 
depths and both phases under all pressures.  
Under soybean phase for 0- to 7.5-cm depth, the NT treatment under 4-yr rotation 
significantly retained higher amount of water by 27% at 0 kPa, 28% at - 0.4 kPa, 28% at -
1.0 kPa, 32% at -2.5 kPa, 33% at -5.0 kPa, 31% at - 100 kPa, and 26% at -300 kPa 
compared to 4-yr rotation under CT system. In 7.5- to 15-cm, a similar trend was 
observed where NT with 4-yr rotation retained higher SWR by 27 % at 0 kPa, 31% at - 
0.4 kPa, 50% at -1.0 kPa, 65% at -2.5 kPa, 82% at -5.0 kPa, 86% at - 100 kPa and, 135% 
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at -300 kPa compared to same rotation system under CT. Data for both depths under 
maize phase are presented in Fig. 4.1 (C, D) and Table. 4.3B. at 0- to 7.5-cm depth, 
where a similar trend was observed. Soil under a diverse cropping system (4-yr rotation) 
retained a greater amounts of water compared to less diverse cropping systems. Data 
showed that NT with 4-yr rotation under maize phase retained a greater amount of water 
by 20 % at 0 kPa, 16% at - 0.4 kPa, 16% at -1.0 kPa, 17% at -2.5 kPa, 15% at -5.0 kPa, 
16% at - 100 kPa and, 23% at -300 kPa compared to that under a CT 4-yr rotation. At 
subsurface depth (7.5- to 15-cm), a similar trend was observed at all pressure levels. NT 
under a 4-yr rotation retained higher amounts of water by 9 % at 0 kPa, 9% at - 0.4 kPa, 
10% at -1.0 kPa, 19% at -2.5 kPa, 29% at -5.0 kPa, 38% at - 100 kPa and, 57% at -300 
kPa compared to CT with 4-yr rotation system.  
Rotations and tillage systems impacted pore size distributions in both the soil 
depths and under both the phases as a reflection of treatment impact on SWR as shown in 
Table. 4.4. Rotation by tillage interaction was significant under both the phases in all 
pore sizes. Treatment showed significant impact under soybean phase for the 0- to 7.5-cm 
where NT with 4-yr rotation increased the micropores (P < 0.01) by 319, 95, and 26% 
compared to 4, 3 and 2-yr rotations under CT system respectively. No clear trend was 
observed in other pore size classes. Under the maize phase in 0- to 7.5-cm, significant 
differences by rotation systems were observed for macropores (P < 0.01), coarse 
mesopores (P < 0.02), fine mesopores (P < 0.02) and micropores (P < 0.002). The 4-yr 
rotation significantly increased micropores by 17, 114 and 64% compared to 2, 3, and 4-
yr cropping systems. In 7.5- to 15-cm depth, a similar trend was observed by cropping 
and tillage systems.  
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Similar findings were observed by Bhattacharyya, et al. (2006) in a long-term 
study conducted on sandy clay loam soil of the Indian Himalayas region. The study 
reported increase of fine pores in soils under NT compared to tilled system. The 
increased in fine pores improved soil structure and aggregate by improving SWR as 
reported in our study. Moreover, the higher number of macrospores in surface depth 
might be due to the increased in soil aggregation on the soil surface (Francis and Knight, 
1993). 
 
4.3.4. Water Infiltration  
Water infiltration (qs, mm h
-1) for all the tillage and rotation systems under both 
phases are presented in Table. 4.5. Data showed that rotation and tillage significantly 
impacted the qs in both the phases. The qs under soybean phase was significantly higher 
under 4-yr rotation compared to 2-yr rotation. A similar trend was observed for the maize 
phase. Rotation by tillage interactions were also significant for both phases. The NT with 
4-yr rotation had the highest qs under both the phases. When compared between tillage 
systems, the NT increased the qs compared to that with CT system under both the crop 
phases (Table 4.5).      
Two long-term studies (47-49 years) conducted by Kumar, et al. (2012b) at 
Wooster, OH on well-drained Wooster silt loam soil (a fine-loamy, mixed, active, mesic 
Oxyaquic Fragiudalf) and Hoytville, OH on a poorly drained Hoytville clay loam soil (a 
fine, illitic, mesic Mollic Epiaqualf). The effect of tillage and cropping system on 
physical and hydrological properties showed that qs in soils under NT was higher 
compared to other tillage systems. Crop rotation improved soil structure, aggregate and 
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SOC concentrations and hence the qs (Janvier, et al., 2007). 
 
4.3.5. Correlation between Soil Properties and Soil Organic Carbon 
The PCA results clearly distinguished CT from NT regardless of years of the 
rotation in the maize phase (Figure 4.2A). Data for few parameters that include SOC, 
LFOC, LFON, TN, C:N ratio, and WAS were extracted from our previously published 
manuscript (Alhameid, et al., 2017). The majority of the soil characteristics exhibited 
good association with the NT, suggesting improved soil properties under NT in maize. 
For example, the LFOC, LFON, TN, and WI had the strongest association with NT4-yr 
and NT3-yr suggesting improved carbon, nitrogen and hydrological properties of soil 
with cropping system comprised of NT and long-term multi-crop rotation in maize phase 
(Figure 4.2B). In the soybean, majority of the soil characteristics were also clustered with 
the NT system especially for the four and two-year rotation practice (Figure 4.2B). Most 
prominent soil properties associated with the NT4-yr in soybean were, LFON, SOC, WI, 
C:N and WAS while MaP, TN, and LOFC also showed a relatively strong relation. The 
soil properties mostly related to the conventional tillage were FC, MC, BD and SPR. 
Interestingly, the higher BD and MC were closely associated with the CT system under 
both the phases of cropping systems, maize and soybean. 
 
4.4. SUMMARY/CONCLUSIONS 
This long-term experiment was established to assess the impacts of diverse 
cropping systems composed of tillage and various crop rotation cycles on the soil 
physical and hydrological properties including bulk density, soil penetration resistance, 
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water infiltration and pore size distribution. There were significant Tillage × Rotation 
interactions observed for the majority of soil attributes across the surface and sub-surface 
soil depths. Results showed lower soil bulk density and soil penetration resistance under 
NT 4-y rotation system reflecting improved soil quality characteristics. In fact, it was also 
supported by the increased water infiltration under NT vs. CT in 4-yr rotation cropping 
system across the maize and soybean phases. The NT with 4-yr rotation increased the 
SWR and water infiltration rate under both the phases. Generally, NT system with 
diverse cropping system improved soil physical and hydrological properties as compared 
to CT system. Thus, long-term combinations of NT system associated with 4-yr rotation 
improved soil physical and hydrological properties in South Dakota, USA. 
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Table 4.1. Cropping and tillage systems impacts on bulk density (ρb) measured in 
the soybean and maize phases of maize-soybean (2-yr), maize-soybean-oat (3-yr), 
and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and conventional-
till (CT) systems. 
 
†Mean values followed by different lower case letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05.  
††Mean values within a row (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr rotations) 
followed by different upper case letters represent significant main effects at P<0.05. 
§Mean values within a column (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Soybean Phase    Maize Phase 
Rotations  2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 ------------------------------ Bulk Density (Mg m-3) -------------------------------- 
  0- to 7.5-cm  
Tillage    
NT  1.22bc†   1.23bc 1.20c  1.22A§  1.22bc  1.24abc  1.21c 1.22B 
CT 1.26ab  1.28a  1.23bc 1.25A  1.26ab   1.28a 1.23abc 1.26A 
×̅   1.25A††    1.25A 1.21B    1.24AB 1.26A  1.22B  
  7.5- to 15-cm  
NT 1.37b 1.36bc 1.35bc 1.36A  1.37b 1.32bc  1.29c 1.33B 
CT 1.40a 1.36bc 1.33c 1.35A  1.38b   1.44a 1.32cb 1.38A 
×̅  1.39A 1.36B 1.33C   1.37A 1.38A 1.31B  
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Table 4.2. Cropping and tillage systems impacts on soil penetration resistance 
measured in the soybean and maize phases of maize-soybean (2-yr), maize-soybean-
oat (3-yr), and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and 
conventional-till (CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05.  
††Mean values within a row (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr rotations) 
followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a column (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
  
 Soybean Phase    Maize Phase 
Rotations  2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 ----------------------------------------- SPR (MPa) ----------------------------------- 
  0- to 7.5-cm  
Tillage    
NT  2.34ab† 2.33ab 2.02b  2.23B§  2.08b  2.21b  1.78c 2.02B 
CT   2.17b  2.65a 2.54a 2.46A  2.71a  2.51a  2.64a 2.62A 
×̅   2.26A††  2.49A 2.28A    2.39A 2.35A 2.21A  
  7.5- to 15-cm  
NT  2.65ab  2.42bc 2.12c 2.41B  2.65b 2.36c  2.01e 2.34B 
CT 2.44bc 2.94a 2.71ab 2.71A  2.93a 2.23d  2.43c 2.53A 
×̅ 2.54A 2.68A 2.41A    2.79A 2.31B 2.22C  
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Table 4.3A. Cropping and tillage systems impacts on soil water retention (SWR) 
measured in the soybean phase of maize-soybean (2-yr), maize-soybean-oat (3-yr), 
and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and conventional-
till (CT) systems. 
 
                      Pressure (kPa) 
 -0 -0.4 -1 -2.5 -5.0 -100 -300 
 -----------------------------Soil Water Content (m3 m-3) ------------------------ 
Treatments†† 0- to 7.5-cm 
NT2   0.52b†  0.51ab 0.50b  0.48b  0.46b  0.45b  0.42b 
NT3  0.45d 0.43d 0.40d  0.37d  0.34d  0.32d 0.28c 
NT4 0.56a 0.55a 0.54a 0.53a 0.52a  0.51a 0.48a 
CT2 0.49c  0.47bc  0.46bc 0.43c  0.40c  0.39c 0.37b 
CT3  0.51bc  0.45cd 0.41d 0.36d  0.32d  0.30d 0.27c 
CT4 0.44d      0.43d  0.42cd  0.40cd 0.39c  0.39c 0.38b 
  
7.5- to 15-cm 
NT2  0.47a 0.45ab  0.44a  0.43a 0.41a  0.40a 0.39a 
NT3 0.43b 0.42c  0.41bc  0.40ab 0.39a  0.38a 0.34a 
NT4 0.47a 0.46a 0.45a 0.44a       0.42a 0.41a 0.40a 
CT2 0.43b 0.41c 0.40c  0.39ab  0.37ab  0.36ab  0.33a 
CT3  0.45ba  0.43bc   0.41abc 0.36b 0.32b  0.29bc 0.24b 
CT4       0.37c  0.35d 0.30d 0.27c       0.23c     0.22c 0.17b 
†Means with standard deviation values followed by different letters within a column, rotations, 
tillage, and year are significantly different at P<0.05.  
†† NT2; 2-yr rotation with no-till, NT3; 3-yr rotation with no-till, NT4; 4-yr rotation with no-till, CT2; 2-yr 
rotation with conventional tillage, CT3; 3-yr rotation with conventional tillage, and CT4; 4-yr rotation with 
conventional tillage. 
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Table 4.3B. Cropping and tillage systems impacts on soil water retention (SWR) 
measured in the maize phase of maize-soybean (2-yr), maize-soybean-oat (3-yr), and 
maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and conventional-till 
(CT) systems. 
 
 Pressure (kPa) 
 -0 -0.4 -1 -2.5 -5.0 -100 -300 
 ----------------------------- Soil Water Content (m3 m-3) ------------------------ 
Treatments†† 0- to 7.5-cm 
NT2   0.46b† 0.44b  0.41cb 0.38bc  0.37b  0.36b  0.35bc 
NT3 0.43c 0.41c 0.39c      0.37c  0.35b  0.34b  0.29c 
NT4 0.54a 0.51a 0.50a 0.48a 0.45a 0.44a 0.43a 
CT2 0.47b 0.44b  0.42cb 0.41bc  0.39b 0.38b 0.36b 
CT3 0.46b 0.44b 0.43b 0.41b 0.39b 0.37b 0.35bc 
CT4 0.45b 0.44b 0.43b 0.41bc 0.39b 0.38b  0.35bc 
  
7.5- to 15-cm 
NT2   0.47a     0.46a 0.45a  0.44a   0.43a 0.43ab    0.41a 
NT3  0.46ab     0.45ab  0.44a   0.42a   0.41a  0.39b    0.38a 
NT4 0.48a     0.47a 0.44a  0.44a  0.44a  0.43a    0.41a 
CT2 0.42c     0.40c 0.38b  0.37b  0.36b  0.34c    0.31b 
CT3 0.37d     0.35d 0.31c  0.27c  0.24c 0.22d    0.20d 
CT4 0.44bc     0.43bc 0.40b  0.37b  0.34b 0.31c    0.26c 
†Means with standard deviation values followed by different letters within a column, rotations, 
tillage, and year are significantly different at P<0.05. 
†† NT2; 2-yr rotation with no-till, NT3; 3-yr rotation with no-till, NT4; 4-yr rotation with no-till, CT2; 2-yr 
rotation with conventional tillage, CT3; 3-yr rotation with conventional tillage, and CT4; 4-yr rotation with 
conventional tillage. 
 
 
 
 
 
 
 
 
 
 
 
77 
 
 
 
 
Table 4.4. Cropping and tillage systems impacts on pore size distribution measured in the soybean and maize phases of maize -
soybean (2-yr), maize -soybean-wheat (3-yr), and maize -soybean-wheat-oat (4-yr) rotations under no-till (NT) and 
conventional-till (CT) systems. 
 
                     Pore Size Distribution 
  Macropores 
 
(> 1000 µm) 
Coarse 
mesopores 
(60-1000 µm) 
Fine 
mesopores 
(10-60 µm) 
Micropores 
 
(< 10 µm) 
 
 
 
Macropores 
 
(> 1,000 µm) 
Coarse 
mesopores 
(60-1000 µm) 
Fine 
mesopores 
(10-60 µm) 
Micropores 
 
(< 10 µm) 
  Soybean Phase  Maize Phase 
Treatments†† ------------------------------(m3 m-3) ----------------------------- 
  0- to 7.5-cm 
NT 2-yr   0.011c†  0.047cd  0.046abc  0.423ab  0.021b  0.075bc 0.019c 0.352bc 
 3-yr 0.027a   0.085abc 0.062ab 0.283c  0.018b 0.055c  0.061ab 0.297cd 
 4-yr 0.012c 0.033d 0.042bc 0.478a   0.026ab  0.063bc 0.023c 0.433a 
CT 2-yr  0.015cb  0.074bc 0.025c 0.377b  0.032a 0.046c 0.027c 0.368b 
 3-yr   0.021abc  0.109ab 0.076a 0.245c  0.021b 0.111a  0.041bc 0.202e 
 4-yr  0.024ab 0.114a  0.066ab 0.114d  0.015b  0.088ab 0.077a 0.263ed 
  
 
 
7.5- to 15-cm 
NT 2-yr  0.011b 0.043b  0.025bc 0.391a  0.009b 0.028d 0.018c 0.416a 
 3-yr 0.013b 0.027c 0.051a  0.342ab   0.014ab  0.041bc  0.028abc 0.385ab 
 4-yr 0.011b  0.037bc  0.024bc 0.404a   0.013ab  0.032dc 0.023bc 0.418a 
CT 2-yr 0.015b  0.041bc  0.039ab 0.337c  0.012b  0.048ab     0.045a 0.315c 
 3-yr 0.081a 0.126a 0.055a 0.271d  0.017a 0.050a  0.033abc 0.359b 
 4-yr 0.016b  0.031bc 0.018c  0.381ab  0.011b 0.051a 0.022c 0.353bc 
†Means with standard deviation values followed by different letters within a column, rotations, tillage, and year are significantly different at P<0.05. 
†† NT2; 2-yr rotation with no-till, NT3; 3-yr rotation with no-till, NT4; 4-yr rotation with no-till, CT2; 2-yr rotation with conventional tillage, CT3; 3-yr rotation with 
conventional tillage, and CT4; 4-yr rotation with conventional tillage. 
 
 
78 
 
 
 
Table 4.5. Cropping and tillage systems impacts on water infiltration measured in 
the soybean and maize phases of maize -soybean (2-yr), maize -soybean-wheat (3-
yr), and maize -soybean-wheat-oat (4-yr) rotations under no-till (NT) and 
conventional-till (CT) systems. 
 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05.  
††Mean values within a row (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr rotations) 
followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a column (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Soybean Phase    Maize Phase 
Rotations  2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 ----------------------------Water Infiltration (mm h-1) ---------------------------- 
  0- to 7.5-cm  
Tillage    
NT   140b†   172a 176a   162A§  214b 240ab 262a 239A 
CT   100c   104c 134b  113B  94.6d 144c 169c 136B 
×̅ 120C††   138AB   155A   154B 192A 215A  
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Fig. 4.1. Crop rotation and tillage impacts on soil water retention (SWR) 
measured in the soybean phase at 0- to 7.5-cm (A) and 7.5- to 15-cm depth (B), 
and maize phase at 0- to 7.5-cm (C) and 7.5- to 15-cm depth (D) of maize-
soybean (2-yr), maize-soybean-oat (3-yr), and maize-soybean-wheat-alfalfa (4-
yr) rotations under no-till (NT) and conventional-till (CT). 
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Figure 4.2.  Principal component analysis scores (PC1 and PC2) of crop 
management representing conventional tillage (CT, filled squares) and no-tillage 
(NT, unfilled squares) each under two, three, and four years of rotations (2YR, 3YR 
and 4YR) in maize phase (A) and soybean phase (B). The eigenvectors (of PC1 and 
PC2) of the soil properties (circles) are also super imposed with the PC score biplot 
at a similar scale reflecting their contribution. The soil properties are: SPR, Soil 
Penetration Resistance; WI, Water Infiltration; BD, Bulk Density; MC, Gravimetric 
Moisture Content; C:N, Carbon:Nitrogen Ratio ;  SOC, Soil Organic Carbon ; TN, 
Total Nitrogen ; LFON, Light Fraction Organic Nitrogen ; LFOC, Light Fraction 
Organic Carbon ; WAS, Water Aggregate Stability; FC, Field Capacity; MaP, 
Macropore; C_MeP, Coarse Mesopore; F_MeP, Fine Mesopore. The eigenvectors 
were multiplied by seven to obtain a clear and superimposed figure. Data of 
additional parameters were extracted from a previous published paper by Alhameid 
et al (2017). 
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CHAPTER 5 
LONG-TERM ROTATION AND TILLAGE IMPACT ON SOIL MICROBIAL 
BIOMASS CARBON, CARBON FRACTIONS AND ENZYME ACTIVITIES 
 
ABSTRACT 
Soil microbial properties play an important role in building the soil health. Following 
specific agriculture practices such as complex diverse cropping systems associated with 
no-till farming could be positively impact and build soil health. The present study was 
conducted to assess the long-term impacts of cropping rotation system associated with 
tillage management on soil microbial properties, carbon fractions, and enzyme activity. 
The experiment initiated in 1991 at Beresford, South Dakota included three cropping 
rotation systems as following: (2-yr; maize [Zea mays L.]-soybean [Glycine max L.], 3-
yr; maize-soybean- oat [Avena sativa L], and 4-yr; maize-soybean-oat-wheat  [Triticum 
aestivum L.]) and two tillage systems (NT; no-tillage and CT; conventional-tillage). Soil 
samples were collected in maize and soybean phases after planting and after harvest at a 
depth of 0- to 7.5-cm. The measurement includes microbial biomass carbon (MBC), 
microbial biomass nitrogen (MBN), soil carbon fractions (labile; HWC), (stable; CWC), 
and inert (1M and 6M), soil urease enzyme, and soil β-glucosidase. Generally, data 
showed increases in MBC, MBN, HWC, and urease, β-glucosidase enzyme activity under 
NT with 4-yr treatments under both phases. In the soybean phase, NT with 4-yr rotation 
increased MBC by 29% compared to the same cropping system under CT. Similarly, the 
4-yr rotation with NT was significantly higher in MBN by 23% compared to the same 
cropping system (4-yr) with CT system. A labile carbon fraction under a 4-yr rotation 
system with NT (92.1 µg C g −1 soil) was significantly higher than that under 4-yr 
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rotation with CT system (60.2 µg C g −1 soil) by 52%. The same treatment significantly 
increased urease enzyme activity compared to all other treatments by 52%, 72%, 169%, 
159%, and 168% under the 2-yr and 3-yr rotations with NT and the 2-yr, 3-yr, and 4-yr 
rotations with CT, respectively. β-glucosidase enzyme activity was increased only the 
under 2-yr cropping system with NT system. Data from this study revealed that long-term 
of NT combined with a diverse cropping system in South Dakota in the Northern Great 
Plains region can improve soil health compared to CT and less complex rotation systems. 
 
Keywords: NT, no-till; CT, conventional-till; M-S, maize-soybean; MSO, maize-
soybean-oat; MSOW, maize-soybean -oat-wheat; MBC, microbial biomass carbon; 
MBN, microbial biomass nitrogen; HWC, Hot water extractable carbon; CWC, Cold 
water extractable carbon; Soil enzymes. 
 
5.1. INTRODUCTION 
Microbial activity is an important in agriculture because it is associated with the 
change in soil organic matter, the accumulation of GHG emissions and the potential loss 
of nitrate (Mbuthia, et al., 2015). The increase in SOM under different agriculture 
practices improves soil quality parameters such as water retention, soil aggregation, water 
holding capacity and cycling nutrients, which provide a better environment for 
microorganisms to grow (Doran and Zeiss, 2000, Young and Ritz, 2000). Most current 
studies focus on the direct impact of changing particular farming practices such as tillage, 
cover crops, fertilization and crop diversification on microbial structures (Acosta-
Martinez, et al., 2011, Simmons and Coleman, 2008, Spedding, et al., 2004). Time is a 
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very important indication of changes in microbial activity (Al-Kaisi, et al., 2005). There 
is still a lack of information about the interaction of these previous practices on microbial 
activity over time, which can provide a better understanding of microbial communities 
(Beare, et al., 1992, Halvorson, et al., 2002, Simmons and Coleman, 2008). Soil enzymes 
impact soil function by catalyzing the cycling of fundamental plant nutrients such as C, 
N, P, and S, and the ability to regulate SOM dynamics. Soil enzyme data can be used as 
an early alert to the change in soil metabolic capacity after disturbances that occur 
following specific agriculture practices (Acosta-Martinez, et al., 2007, Calderon, et al., 
2016). Several studies concluded that increases in soil enzyme activity are due to changes 
in farming practices, such as cover crop microbial functional diversity (Mangalassery, et 
al., 2015, Mbuthia, et al., 2015, Nannipieri and Eldor, 2009, Nautiyal, et al., 2010). 
Microbial community response under different farming practices depends on many 
factors, such as pedoclimate and crop diversification (Nivelle, et al., 2016). The main 
goal of this study is to assess the impact of the combination of farming practices, 
particularly tillage and crop diversification, on microbial activities. 
 
5.2. MATERIALS AND METHODS 
5.2.1. Experimental Plots and Location  
The experimental plots are located at South Dakota at the Southeast Research 
Farm of the South Dakota State University (Beresford, SD; 43° 02’ 58” N, 96° 53’ 30” 
W). The experiment conducted on Egan soil series (Fine-silty, mixed, superactive, mesic 
Udic Haplustolls) (NRCS, 2015a). The experiment is long-term study established in 1991 
to assess the impact of tillage management and crop rotation on crop production and soil 
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properties. Annual precipitation average is 627.4 mm of which 76% falls in the growing 
session (April - September) with monthly temperature range of -14.1°C in January to 
31.8°C in July (NRCS, 2015b). The study has 48 plots laid out in a randomized complete 
block design. The experiment included two different tillage managements; NT and 
conventional-till (CT), and three crop rotations (i) 2-yr, maize (Zea mays L.)–soybean 
(Glycine max. L.), (ii) 3-yr; maize–soybean–wheat (Triticum aestivum L.), (iii) and 4-yr; 
maize–soybean–wheat–oat (Avena sativa L.). Each tillage and crop rotation was 
replicated four times, with every crop grown every year. The present study focused on 
maize and soybean phases in each rotation. The information on basic initial soil 
properties can be found elsewhere (Alhameid, et al., 2017, Ibrahim, et al., 2015). 
 
5.2.2. Soil Sampling 
Soil samples for microbial analysis were collected from a depth of 0- to 7.5-cm at 
two times (at planting and after harvest). A total of 96 soil samples were collected from 
both sampling sets and phases. Fresh soil were samples were collected from each plot at 
maize and soybean phases only and shipped in cold boxes to the lab for immediate 
analysis. 
 
5.2.3. Lab Analysis 
 In this study, microbial biomass carbon, soil enzymes, and carbon fractions were 
measured. Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) in 
soil were determined by the Chloroform Fumigation Direct Extraction Method (CFDE) 
(Anderson and Domsch, 1978, Gregorich, et al., 1990). Each fresh sample was divided 
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into three subsamples, the purpose of the first subsample was to determine the 
gravimetric soil moisture content (drying the soil 48 hours at 105 °C); second subsample 
was non-fumigated (10 g oven-dry equivalent) for immediate extraction with potassium 
sulfate (K2SO4; 0.5 M), and the third was a fumigated sample (10 g oven-dry equivalent). 
The non-fumigated subsample was placed in a tube mixed with 50 ml of K2SO4 that was 
shaken for one hour. After shaking, the mixture was filtered through pre leached with 
K2SO4 using filter paper No. 1. The filtrate sample was stored for the last step below -
4°C. The last set of samples were fumigated in 50 ml glass beakers and placed in a 
vacuum desiccator. About 20 ml of chloroform was placed in the desiccator containing 
boiling chips and a vacuum was applied until the chloroform boiled. Samples in the 
desiccator were kept in the dark for 24 hours to prevent the chloroform from breaking 
down. After releasing the vacuum, samples were mixed with K2SO4 and filtered using 
filter paper No. 1. Finally, a TOC-L analyzer (Shimadzu Corporation, model- TNM-L-
ROHS) was used to determine the total dissolved carbon and nitrogen. The difference 
between C in the fumigated and non-fumigated samples is the chloroform – labile C or 
pool (EC). The same steps were followed for MBN. MBC was calculated using the 
following equation: 
𝑀𝑖𝑐𝑟𝑜𝑏𝑖𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑐𝑎𝑟𝑏𝑜𝑛 (𝑀𝐵𝐶)(µg g soil−1) 
=  
𝐸𝐶
𝑘𝐸𝐶
 
where kEC is soil specific, but is often estimated as 0.45 (Beck, et al., 1997). 
 
Carbon fractions (Labile, stable, and inert) were analyzed using cold water, hot 
water and acid extraction methods described by (Ghani et al., 2003). Briefly, determined 
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with cold water extracts (CWC; stable) by placed 3 g of fresh soil into 50 ml centrifuge 
tubes and added 30 ml of distilled water to each tube. Samples were mixed and moved to 
th shaker for 30 minutes at 40 rpm. Next, suspensions centrifuged at 3000 rpm for 25 
minutes and 4 C temperature. After centrifuging, suspensions were filtrate by using 0.45 
µm pore size syringe filters. Remaining soil samples in tubes were used to determine hot 
water extracts (HWC; Labile) by re-add 30 ml of distilled water to the tubes and mixed 
samples. Next, tubes were placed in hot bath water for 12-16 h at 80 C. suspensions were 
moved and centrifuged at 3000 rpm for 25 minutes at 25 C than filtrate by using 0.45 µm 
pore size syringe filters. Remaining soil samples were used to analyze carbon acid 
fractions (inert fractions). Samples were moved to glass tubes and 15 ml of hydrochloric 
acid HCl 1 M was added to each tube and placed in hot dry bath foق six hours at 105 oC. 
Suspensions were moved and centrifuged at 3000 rpm for 25 minutes at 25 C than filtrate 
by using 0.45 µm pore size syringe filters. Finally, similar processes repeated after added 
HCl 6 M. All previous fractions filtrate were determined using TOC-L analyzer 
(Shimadzu Corporation, model- TNM-L-ROHS). 
Two soil enzymes assessed included the urease enzyme and β-glucosidase for all 
samples as described in Stege, et al. (2010). Urease enzyme activity was determined by 
using the method described by Kandeler and Gerber (1988). About 5g of each fresh soil 
sample was placed into three 50 ml incubation flasks sets. The first two sets were mixed 
with 2.5 ml of urea solution 720 mM and 20 ml of borate buffer (0.1 M, pH 10). The 
third set was used as the control by adding only a borate buffer. All sets were moved to 
the incubator for 2 hours at 37oC. After incubation, for all sets, 30 ml of potassium 
chloride (KCl; 2 M) - hydrochloric acid (HCl; 0.01 M) and 2.5 ml of urea solution were 
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only added to the control. All flasks were placed in the shaker for 30 minutes. All 
suspensions were filtered (filter paper no. 4) and 1 ml filtrate was diluted with 9 ml of 
distilled water with 5 ml of sodium salicylate (C7H5NaO3)-sodium hydroxide (NaOH) 
solution and 2 ml of sodium dichloroisocyanurate (C3Cl2N3NaO3) solution for color 
development. The spectrophotometer was used after setting the absorbance at 660 nm 
wavelength and a standard curve was prepared with standards of 0, 1, 1.5, 2, and 2.5 µg 
N ml-1 of ammonium chloride (NH4Cl). Finally, urease activity (µg NH4-N g
-1 h-1) was 
calculated using the following equation: 
𝑈𝑟𝑒𝑎𝑠𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (µg 𝑁𝐻4
−N g−1 h−1) 
= (𝑁𝐶𝑆 − 𝑁𝐶𝐶)× 𝐷𝐹 × 𝑉 ×
𝑇
𝐷𝑊
 
where, NCS is the NH4-N concentration of the sample average (µg NH4-N ml
-1), NCC is 
the NH4-N content of the control (µg NH4-N ml
-1), DW is dilution factor (10), V is the 
volume of urea solution used (2.5ml), T is incubation time (2 h), and DW is the dry 
weight of the soil taken (5 g). 
β-glucosidase enzyme activity was assessed by using 1 g of each fresh soil sample 
in three 50 ml Erlenmeyer flasks sets and mixed with 0.2 ml toluene. All flasks sets were 
left to set for 15 minutes. Thereafter, (i) 4 ml of the modified universal buffer (MUB) and 
1 ml of 50 mM p-nitrophenyl- β-D- glucosidase (PNG) solution were added to all flasks 
except the control set. All sets were incubated for 1 h. After incubation, (i) 1 ml of 0.5 M 
calcium chloride (CaCl2) and 4 ml of 0.1 M THAM buffer (pH 12) were added to all the 
sets. (iii) 1 ml PNG solution was added to only the control flask. Soil suspensions from 
all sets were filtered (filter paper no. 4). The spectrophotometer was used after setting the 
absorbance at 405 nm wavelength and a standard was prepared containing 0, 100, 200, 
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300, 400, and 500 nm of p-nitrophenol solution to develop a calibration curve. Finally, a 
reading of the released p-nitrophenol from the soil to determine the calibration curve was 
calculated by using the following equation: 
β − glucosidase activity (µmol p nitrophenol Kg−1 h−1) 
= (𝑁𝐶𝑆 − 𝑁𝐶𝐶)× 𝐷𝐹 × 𝑉 ×
𝑇
𝐷𝑊
 
where, NCS is the p-nitrophenol content of the sample average (µg NH4-N ml
-1), NCC is 
the p-nitrophenol content of the control (µg NH4-N ml
-1), V is the volume of PNG 
solution used (1 ml), T is incubation time (1 h), and DW is the dry weight of the soil 
taken (1 g). 
 
5.2.4. Statistical Analysis 
Tillage and cropping system impacts on measured soil parameters were analyzed 
using the pairwise method to compare least-squares means estimated by a mixed model 
using the GLIMMIX procedure in SAS9.4 (2013). Tillage and cropping system 
treatments were considered as fixed effects and replications as random effect in the 
model. The analysis of variance (ANOVA) was used to test the fixed effects of the tillage 
and rotation systems on the soil microbial properties based on the mixed model. 
Statistical differences were stated as significant at the α = 0.05 level.  
 
5.3. RESULTS AND DISCUSSION 
5.3.1. Microbial Biomass Carbon (MBC) and Microbial Biomass Nitrogen (MBN) 
Data of soil microbial biomass (MBC; µg g soil-1) for both phases and sampling 
sets are presented in Table 5.1. At planting, the mean MBC under NT system of the 
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soybean phase was higher by 33% compared to the CT system. Among cropping systems, 
the MBC under 4-yr rotation was significantly higher by 7 and 13% compared to 3 and 2-
yr rotation systems, respectively. Comparing associated treatments separately showed 
that NT with 4-yr rotation (252 µg g soil-1) increased MBC by 29% compared to the same 
cropping system under CT. At harvest, a similar trend was observed among tillage 
systems when the NT mean (226 µg g soil-1) was significantly higher than the CT system 
(76.4 µg g soil-1). The 4-yr rotation (181 µg g soil-1) system mean was significantly 
higher by 105 and 17% compared to the 3-yr rotation (88.1 µg g soil-1) and the 2-yr 
rotation (154 µg g soil-1), respectively. A similar trend to the first sampling set was 
observed between associated treatments when NT with a diverse cropping system was 
highly significant compare to all treatments under all cropping and tillage systems.  
 At planting under the maize phase, results showed that the mean of the NT system 
(287 µg g soil-1) was significantly higher, by 38% compare to that under the CT system 
(207 µg g soil-1). Among rotation systems, data showed a significant increase in MBC 
means under the diverse 4- year cropping system (293 µg g soil-1) compared to less 
complex cropping systems by 30% and 31% compared to the 3-yr and 2-yr cropping 
systems. Complex cropping systems (4-yr) under NT (382 µg g soil-1) were significantly 
higher than all treatments by 52, 69, 95, 72, and 86 % compared to 2-yr and 3-yr rotations 
under NT and 2-yr, 3-yr, 4-yr rotations with CT system, respectively. After harvest, under 
the same phase, the a similar trend also was observed when the mean of MBC under NT 
was increased by 40% compared to the CT system. Moreover, the complex diverse 
cropping system (4-yr) with NT was significantly higher than all other treatments.  
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Results of soil microbial biomass nitrogen (MBN; µg g soil-1) for both set of 
samples and both phases are presented in Table 5.2. At planting under the soybean phase, 
results showed that the mean of MBN under NT (55.8 µg g soil-1) was increased by 12% 
compared to that under the CT system (49.6 µg g soil-1). The 4-yr rotation with NT (57.4 
µg g soil-1) was significantly higher, by 23%, compared to the same cropping system (4-
yr) with the CT system. At harvest, a similar trend was observed when the MBN mean 
was increased by 12% under NT compared to CT systems. Among cropping systems, the 
MBN mean differences between 4-yr and 3-yr rotation systems. A diverse cropping 
system (4-yr) with NT (59.1 µg g soil-1) was significantly higher than the 3-yr (47.7 µg g 
soil-1) and 4-yr (46.5 µg g soil-1) under the CT system.   
 At planting under the maize phase, no differences were observed between tillage 
systems. Among rotation systems, the 4-yr cropping system (68.2 µg g soil-1) increased 
the mean of MBN compared to the 2-yr (53.3 µg g soil-1) and 3-yr rotation (49 µg g soil-
1) systems by 27% and 39%, respectively. The 4-yr rotation associated with NT (74.5 µg 
g soil-1) systems significantly increased MBN by 20% compared to that under the same 
cropping and CT systems. At harvest, no differences were observed between either under 
tillage or rotation systems.    
A long term study conducted by Karlen, et al. (2013) at Boone County, Iowa 
reported that data in 0- to 5-cm depth of the maize-maize; MM cropping system with NT 
increased MBC by 181, 66, and 4% compared to same cropping system under moldboard 
plowing; MP , chisel plowing; CP and spring disk; SD, respectively. Similarly, a 
significant increase of MBC was observed under the maize-soybean; MS cropping 
system with NT by 100, 37, and 20% compare to MS cropping system associated with 
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MP, CP, and SD, respectively. A study conducted by Moore, et al. (2000) reported that 
highest MBC and MBN values were observed under diverse cropping system such as 
maize-maize-oat-meadow; MMO-M and lowest values were observed under monoculture 
cropping systems maize-maize; MM. The authors concluded that the reason behind the 
decreases in soil carbon and nitrogen under tillage systems was due to the mechanical 
removal of crop residue from surface depths. A similar finding was concluded in other 
studies (Alhameid, et al., 2017, Kumar, et al., 2012, Varvel and Wilhelm, 2011). Other 
studies concluded that introducing an N-fixation crop such as soybean to the cropping 
system could enhance MBC and MBN as well by increased soil microbial community 
diversity and abundance (Huang, et al., 2014). 
 
5.3.2. Hot and Cold Water Extractable Carbon 
Results of carbon fractions (Hot water extractable carbon [HWC; labile], cold 
water extractable carbon [CWC; stable] and inert [1M, 6M]) for the soybean and maize 
phase of both sampling sets (planting and harvest) were presented in Table. 5.3. Data is 
discussed separately according to carbon fractions as following:   
Under the soybean phase at planting, data showed that HWC (labile carbon 
fraction) under a 4-yr rotation system with NT (92.1 µg C g −1 soil) was significantly 
higher than that under the 4-yr rotation with CT system (60.2 µg C g −1 soil) by only 
52%. No significant differences were observed among all other treatments. A similar 
trend was observed at harvest when the 4-yr rotation system was significantly higher than 
all rotation systems under the CT system by 134%, 123% and 124% under 2-yr, 3-yr and 
4-yr cropping systems respectively. Under the maize phase at planting, a similar trend to 
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that under the soybean phase was observed when the 4-yr rotation with the NT (92.2 µg 
C g −1 soil) system was significantly higher, by 71%, compared to that under the 4-yr 
cropping system with CT (53.7 µg C g −1 soil) only. At harvest, no differences were 
detected.   
Under the soybean phase at planting, data showed that CWC (stable carbon 
fraction) in both sampling sets was not significantly different. Similar results were 
observed under the maize phase at harvest. But at planting, the data showed an increase 
of CWC under the diverse cropping system associated with NT (26.8 µg C g −1 soil) by 
81% compared to that under the 4-yr rotation with CT (14.8 µg C g −1 soil) only.  
Data of inert carbon (1M and 6M) under the soybean phase showed that data 
under the 4-yr rotation with CT were always lower than all other treatments. Inert (1M) 
carbon detected that 4-yr rotation with CT (19.2 µg C g −1 soil) is lower by 48% 
compared to less complex cropping systems (2-yr) with NT (37.5 µg C g −1 soil) and by 
37% under CT (30.5 µg C g −1 soil). Similarly, inert (6M) carbon under the 4-yr rotation 
with CT (116 µg C g −1 soil) was lower by 35% compared to less complex cropping 
systems (2-yr) with NT (180 µg C g −1 soil) and by 36% under CT (182 µg C g −1 soil) at 
planting. A similar trend was detected for the same treatments under the soybean phase at 
harvest. 
Under the maize phase at planting, an inert (1M) 2-yr rotation system with CT 
(13.7 µg C g −1 soil) was significantly lower than that under the same cropping system 
with NT (35.2 µg C g −1 soil) by only 61%. No differences were observed on the inert C 
(6M) under the maize phase at planting.  
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At harvest, inert carbon under both levels (1M and 6M) similar to that observed at 
planting than the less complex rotation (2-yr) with CT systems was almost always 
significantly lower than that under NT system.  
Similar findings were observed in a long term experiment conducted by Chen, et 
al. (2009) at Loess Plateau , China. The study included three treatments: (i) conventional 
tillage with residue removal; CT, (ii) shallow tillage with residue cover; ST, and (iii) no-
tillage with residue cover (NT). Data on surface depth (0- to 15-cm) showed an increase 
in HWC values under NT (514 mg kg-1) by 37% compared to that under CT (375 mg kg-
1). Another long term study conducted by Soon, et al. (2007) reported that HWC tended 
to increase (not always significant) under NT system by 13% compared to CT treatment. 
Similarly, CWC tended to increase under NT by 10% compared to treatment under CT. 
Moreover, diverse cropping system increased HWC by 1% compare to monoculture 
cropping systems. Both studies concluded that crop residue under the NT system is 
higher compared to other tillage systems, which can increase soil carbon (Dou and Hons, 
2006). The second explanation of the increase in labile C pool was due to the protection 
of soil aggregate, which protected organic matter from microbial decomposition (Chen, et 
al., 2007). 
 
5.3.3. Enzyme Activities  
5.3.3.1.  Urease Enzyme Activity  
The results of urease enzyme activity for the time of sampling under both phases 
have been presented in Table 5.4. At planting under the soybean phase, data showed that 
the mean of urease enzyme activity under the NT system (118 µ mol N-NH+4 g
−1 soil h−1) 
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was significantly higher than that under the CT (59.8 µ mol N-NH+4 g
−1 soil h−1) system 
by 97%. Moreover, mean urease enzyme activity under 4-yr cropping systems was 
greater than that under the 2-yr cropping system by 44%. Comparing between treatments, 
the 4-yr rotation with NT system was significantly higher than all other treatments by 
52%, 72%, 169%, 159%, and 168% under the 2-yr and 3-yr rotations with NT and the 2-
yr, 3-yr, and 4-yr rotations with CT, respectively. After harvest, the trend changed 
slightly. No differences in urease enzyme activity were observed between cropping 
systems. The urease enzyme activity under 4-yr rotation with NT was significantly higher 
than all other treatments by 117 to 34%.  
Under the maize phase at planting, data showed a similar trend to that under 
soybean the phase. The urease enzyme activity under 4-yr rotation system with NT (104 
µ mol N-NH+4 g
−1 soil h−1) was significantly higher than all other treatments except that 
under the 3-yr rotation (83.1 µ mol N-NH+4 g
−1 soil h−1). At harvest, the NT mean 
showed an increase in urease enzyme activity compared to the CT system by 37%. Also, 
results showed increased in urease activity under the 4-yr in comparison with that under 
the 3-yr cropping system by 46%. The 4-yr diverse cropping system associated with the 
NT system was greater by 55% compared to that under same tillage system associated 
with a less complex cropping rotation (2-yr), and by almost 200% compared to that under 
same rotation system (4-yr) associated with CT.  
 
5.3.3.2.  β-glucosidase Enzyme Activity 
Data of β-glucosidase enzyme activity for both sampling sets under the soybean 
and maize phases are presented in Table 5.55. At planting under the soybean phase, 
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differences were observed between tillage means, when NT system β-glucosidase 
enzyme activity increased by 20% as compared to CT system. Among cropping systems, 
diverse cropping system (4-yr) was higher by 15%.  After harvest, β-glucosidase enzyme 
activity was significantly higher under NT compared to that under CT by almost double. 
Among cropping systems, the mean of the 2-yr rotation was greater than the mean of the 
4-yr rotation system only by 42%. The 2-yr cropping system with NT showed a 
significant increase in β-glucosidase enzyme activity compared to all other treatments.  
Similar to the general trend, the mean of the NT system under the maize phase at 
planting was higher by 42% compared to the mean of the CT system. The mean of the 3-
yr rotation systems also increased β-glucosidase enzyme activity by 30% and 41% 
compared to the 2-yr and 4-yr cropping systems respectively. Similarly, the 2-yr cropping 
system with NT was significantly higher than the rest of treatments. After harvest, means 
observed mean data showed an increase in β-glucosidase enzyme activity under NT by 
70% compared to CT, and the diverse cropping system (4-yr) was greater by 49% and 
30% compared to less complex cropping systems, 3-yr and 2-yr rotations respectively. 
Moreover, the 2-yr rotation with NT increased β-glucosidase enzyme activity by 49, 250, 
and 118% only compared to the 3-yr cropping system with NT and 2-yr, 3-yr rotations 
only under CT systems.   
Generally, some fluctuations occurred for enzyme activities under both phases. 
Data also showed that at planting, values were always higher than at harvest. Similar 
findings were presented in a study conducted by Banerjee, et al. (1999) in two 
experiments located south of Brandon, MB, and at Minnedosa, MB, Canada. In general, 
results showed that microbial activities and all enzymes values during the summer were 
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greater than the values observed from the same plots in the fall (after harvest). The author 
concluded that the fluctuations occurred in the microbial and biochemical properties 
because of many other factors, such as soil organic matter and soil moisture content. 
Another researcher agreed with this statement (Jin, et al., 2009). 
A long term study was conducted by Jin, et al. (2009) at three different locations 
reported an increase in urease enzyme activity under un-incubated samples in NT of 
almost three times as much in all locations compared to the MP system. After incubation, 
urease enzyme activity was also showed trend to be higher than CT (not significant). The 
study concluded that the increase in urease enzyme activity in surface depth was due to 
the higher SOC content under NT compare to tilled soils. Similar findings were also 
observed elsewhere (Monreal and Bergstrom, 2000), which agreed with the current study.  
A study was also conducted by Mbuthia, et al. (2015) at Jackson, TN on 
Lexington well-drained silt loam (fine-silty, mixed, thermic, Ultic Hapludalf) to 
determine the impact of NT and CT tillage systems under a variety of cover crops 
managements on the microbial community structure. Data showed a significant increase 
in β-glucosidase enzyme activity under NT by 58% compared to that under CT. the study 
reported that it is clear evidence that residue accumulation can improve soil microbial 
community as reported elsewhere (Acosta-Martinez, et al., 2008, Deng and Tabatabai, 
1996), which also agreed with the current study.  
 
5.4. SUMMARY/CONCLUSIONS 
This long-term study was conducted to evaluate the impacts of tillage and 
rotations on selected soil microbial properties including MBC, MBN, HWC, CWC and 
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soil enzymes activities. Data showed that adopting conversation agriculture practices 
such as NT and diverse cropping system significantly increased MBC and MBN. Diverse 
rotation systems associated with NT soil management particular hence MBC and MBN as 
well. Almost similar impact was observed under same treatment for HWC and soil 
enzyme activities (urease and β-glucosidase).  
In sum, diverse cropping system managed with NT system can be beneficial in 
building MBC, MBN, HWC, and soil enzymes activities in the NGP region specifically 
in southeastern of South Dakota. Future research is needed to assess the correlation of 
soil microbial properties with the rest of soil quality indicator under diverse crops 
rotations and NT farming on in NGP region.  
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Table 5.1. Cropping and tillage systems impacts on microbial biomass carbon 
(MBC) measured in the soybean and maize phases of maize-soybean (2-yr), maize-
soybean-oat (3-yr), and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) 
and conventional-till (CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05.  
††Mean values within a row (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr rotations) 
followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a column (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Soybean Phase    Maize Phase 
Rotations  2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 ------------------------------------MBC (µg  g soil−1)------------------------------ 
  At Planting  
Tillage    
NT 219b† 246a 252a 239A§  251b† 226c 382a 287A 
CT   175d 169d 195c 179B  195e 222cd 205de 207B 
×̅ 197C†† 207B 223A   223B 224B 293A  
  At Harvest  
NT 240a 118b 259a 226A  92.0b 86.1b 187 a 121A 
CT   68.9cd 57.3d 103cb 76.4B  81.9b 88.6b  88.1b 86.2B 
×̅ 154B 88.1C 181A   87.1B 87.3B 137A  
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Table 5.2. Cropping and tillage systems impacts on microbial biomass nitrogen 
(MBN) measured in the soybean and maize phases of maize-soybean (2-yr), maize-
soybean-oat (3-yr), and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) 
and conventional-till (CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05.  
††Mean values within a row (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr rotations) 
followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a column (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Soybean Phase    Maize Phase 
Rotations  2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 --------------------------------------MBN (µg g soil−1)------------------------------ 
  At Planting  
Tillage    
NT 49.3c† 60.6a 57.4ab 55.8A§   52.0c† 48.6c 74.5a 58.3A 
CT   54.7b  47.7c 46.5c  49.6B    54.7c  49.4c 61.9b 55.3A 
×̅   52.1A††  54.2A 51.9A    53.3B 49.0B 68.2A  
  At Harvest  
NT 47.9c 59.3a 59.1a 55.4A  17.7a 27.9a  31.7a 25.8A 
CT 53.7b 47.7c 46.5c 49.3B  24.5a 16.3a  33.4a 24.7A 
×̅ 50.8B 53.5A 52.7AB    21.1A 22.1A 32.5A  
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Table 5.3. Cropping and tillage systems impacts on carbon fractions measured in the soybean and maize phases of maize -
soybean (2-yr), maize -soybean-wheat (3-yr), and maize -soybean-wheat-oat (4-yr) rotations under no-till (NT) and 
conventional-till (CT) systems. 
 
  Soybean Phase  Maize Phase 
  Labile  Stable  Inert (1M) ††  Inert (6M)  Labile  Stable  Inert (1M) Inert (6M) 
     
Treatments§ ------------------- Carbon Fractions (µg C g −1  soil) ----------------- 
  At Planting 
NT 2-yr  99.3a† 21.0a 37.5a 180a  63.4ab 18.1ac 35.2a 173a 
 3-yr 73.6ab 21.7a 18.2dc 194a  65.6ab 17.2bc 30.5ab 167a 
 4-yr 92.1a 21.2a 25.5bc 193a  92.2a 26.8a 26.7ab 197a 
CT 2-yr 75.1ab 19.2a 30.5ab 182a  67.2ab 15.4c 13.7b 181a 
 3-yr 73.6ab 15.6a 12.5d 167a  75.2ab 24.6ab 19.5ab 169a 
 4-yr 60.2b 17.9a 19.2dc 116b  53.7b 14.8c 25.2ab 166a 
  
 
 
At Harvest 
NT 2-yr  160bc 17.0a 34.5bc 158a  138a 28.1a 39.1ab 96.8bc 
 3-yr 194b 39.3a 41.3b 84.9b  147a 29.3a 51.7a 164a 
 4-yr 281a 25.5a 58.7a 89.4b  142a 28.2a 42.7ab 149ab 
CT 2-yr 120c 24.9a 34.2bc 109ab  126a 22.4a 32.3b 48.5c 
 3-yr 126c 26.3a 33.3bc 75.4b  113a 30.3a 32.2b 95.3bc 
 4-yr 125c 30.5a 31.2c 88.9b  119a 27.9a 38.4ab 68.8c 
†Means with standard deviation values followed by different letters within a column, rotations, tillage, and year are significantly different at P<0.05. 
                ††Inert fraction (1M and 6M), treated with HCl acid (3 Molar and 6 Molar) 
§NT2; 2-yr rotation with no-till, NT3; 3-yr rotation with no-till, NT4; 4-yr rotation with no-till, CT2; 2-yr rotation with conventional tillage, CT3; 3-yr rotation with 
conventional tillage, and CT4; 4-yr rotation with conventional tillage. 
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Table 5.4. Cropping and tillage systems impacts on urease enzyme activity 
measured in the soybean and maize phases of maize-soybean (2-yr), maize-soybean-
oat (3-yr), and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and 
conventional-till (CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05.  
††Mean values within a row (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr rotations) 
followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a column (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Soybean Phase    Maize Phase 
Rotations  2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 ------------- Urease Enzyme Activity (µ mol N-NH+4 g−1 soil h−1) ------------ 
  At Planting  
Tillage    
NT  92.2bc† 104b 159a 118A§  59.4bc 83.1ab 104a 87.5A 
CT 59.1c 61.2c 59.2c 59.8B  33.5d 55.3cd 73.4bc 54.1B 
×̅ 75.6B 82.8AB 109A   46.4C 69.2B 89.1A  
  At Harvest  
NT 22.3bc 25.4b 34.1a 27.3A  30.9b 13.1c 47.9a 30.6A 
CT 20.1bc 24.2b 15.7c 20.1B  20.1bc 30.6b 15.8c 22.2B 
×̅ 21.2A 24.8A 24.9A   25.5AB 21.8B 31.9A  
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Table 5.5. Cropping and tillage systems impacts on β-glucosidase enzyme activity 
measured in the soybean and maize phases of maize-soybean (2-yr), maize-soybean-
oat (3-yr), and maize-soybean-oat-wheat (4-yr) rotations under no-till (NT) and 
conventional-till (CT) systems. 
 
†Mean values followed by different lower letters between each treatment within each depth represent 
significant differences due to a rotation by tillage interaction at P<0.05.  
††Mean values within a row (averaged across both the tillage systems under 2-yr, 3-yr, and 4-yr rotations) 
followed by different capital letters represent significant main effects at P<0.05. 
§Mean values within a column (averaged across all the rotations under NT, and CT system) followed by 
different capital letters represent significant main effects at P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Soybean Phase    Maize Phase 
Rotations  2-yr  3-yr 4-yr ×̅  2-yr  3-yr 4-yr ×̅ 
 ---------------- β-glucosidase activity (µ mol PNG kg−1 soil h−1) ---------- 
  At Planting  
Tillage    
NT 1640ab 1352cd 1670a 1554A  1939a 1175c 1797ab 1637A 
CT 1495bc 1162e 1223ed 1293B  556d 1523abc 1355bc 1145B 
×̅ 1568A 1257B 1446A   1372B 1785A 1265B  
  At Harvest  
NT 952a† 594bc 668b 738A  801a 535bc 724ab 687A 
CT 399cd 420bcd 277d 365B  228d 366cd 617ab 404B 
×̅ 675A 507AB 473B   514B 450B 671A  
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CHAPTER 6 
CONCLUSIONS 
This long-term study was conducted to evaluate the impacts of tillage and diverse 
cropping systems on soil properties. Soil samples were collected in fall 2014 at four 
depths (0- to 7.5-, 7.5- to 15-, 15- to 30-, and 30- to 60-cm) for soil chemical properties, 
intact core samples were collected from 0- to 7.5-, 7.5- to 15-cm for hydrological 
properties in fall 2015, and two sets of samples in summer and fall 2016 at surface depth 
(0- to 7.5-cm) for microbial analysis. The following conclusions were determined from 
the three studies: 
 
Study 1 - Soil Organic Carbon: 
(1). Diverse cropping systems with no-till soil management increased soil organic 
carbon, total nitrogen, wet aggregate stability, light fraction organic carbon, and light 
fraction organic nitrogen up to 30 cm depth. 
(2). Crop residue left on the soil surface under no-till system improved the soil organic 
carbon, and hence decreased the bulk density. 
(3). Soil organic carbon stock, averaged across all the rotations and both the crop phases 
for 0- to 15-cm depth, was marginally higher under no-till by 2% compared to 
conventional-till system. 
(4). The diverse cropping system MSOW; maize (Zea mays L.)-soybean (Glycine max 
L.)-wheat (Triticum aestivum L.)-oat (Avena sativa L.) increased soil organic carbon 
stock by 9 and 6.5% compared to that under MSW and MS cropping systems, 
respectively. 
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Study 2 – Soil Physical and Hydrological Properties: 
(1). A general trend showed improvement in soil physical parameters under no-till vs. 
conventional-till, and under MSOW vs. MSO; maize-soybean-oat vs. MS; maize-
soybean cropping system. 
(2). Crop diversification significantly decreased soil bulk density under the crop phases, 
The MSOW cropping system decreased ρb by 3.2% in surface and by 2.21-4.32% in 
sub-surface soil as compared to MSO and MS. In maize phase, this decrease in ρb 
varied between 1.61-3.17% in the surface and 4.38-5.07% in the sub-surface soil 
depths.  
(3). Soil tillage management significantly affected bulk density and soil penetration 
resistance. In soybean phase, NT systems tended to decrease ρb by 2.4% compare to 
conventional-till in the surface soil, but it was not statistically significant. Similarly, 
in the maize phase, the ρb consistently decreased by 3.17 and 3.62% under NT 
compare to conventional-till in surface and sub-surface soil depths. Generally, the 
no-till system decreased SPR by 9-11% in soybean phase and 8-23% in maize phase 
as compared to the conventional-till system when averaged across years of the 
rotations under the both soil depths. 
(4).  Diverse cropping system with NT significantly increased soil water retention, and 
water infiltration. These agriculture practices increased the numbers macropores 
compared to coarse and fine mesopores on, which results in increases water 
available content. As an example, under soybean phase for surface depth, the no-till 
with MSOW rotation significantly retained higher amount of water by 27% at 0 kPa, 
28% at - 0.4 kPa, 28% at -1.0 kPa, 32% at -2.5 kPa, 33% at -5.0 kPa, 31% at - 100 
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kPa, and 26% at -300 kPa compared to MSOW with conventional-till. Similar trends 
were observed for pore size distribution and water infiltration.  
Study 3 – Soil Microbial Properties: 
(1). Under all treatments, mostly values are higher at planting compared to those taken 
after harvest due to the environmental impact such as moisture content and soil 
temperature. 
(2).  Diverse cropping system associated with no-till significantly increased microbial 
biomass carbon, and microbial biomass nitrogen. At planting, the MSOW with no-
till system increased MBC by 29% compared to the same cropping system managed 
with conventional-till under soybean phase, and by 86 % under maize phase. A 
similar trend was observed for MBN.  
(3). Carbon fractions; hot water extractable carbon, cold extractable carbon were 
significantly impacted under diverse cropping and tillage managements. As an 
example, under the soybean phase at planting, hot water extractable carbon 
significantly increased by 52%, and cold extractable carbon by 81%. under MSOW 
associated with no-till management compare to MSOW with conventional-till. 
(4). Soil enzyme activities (urease and β-glucosidase) compared to less complex 
cropping systems MSO and MS. at planting during the soybean phase, urease 
enzyme activity increased by 97%, and β-glucosidase enzyme activity by 20% under 
no-till compare to conventional-till systems. Moreover, urease enzyme activity 
significantly increased by 44%, and β-glucosidase enzyme activity by 15% under 
MSOW cropping system compare to MS cropping system. A slightly different trend 
was observed during the maize phase.  
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SUMMARY 
 
This long-term study in southeast South Dakota was conducted to evaluate the 
impacts of tillage and divers cropping systems on soil properties. The study included 
three crop rotation systems [2-yr; maize-soybean (MS), 3-yr; maize-soybean-oat (MSO), 
and 4-yr; maize-soybean-oat -wheat (MSOW)] managed under two tillage systems (no-
till and conventional-till). All samples were collected from fall 2014 through spring 2017. 
Results from all studies showed clear evidence of the positive impact of adopting diverse 
crop rotations managed with no-till systems could be beneficial in building soil quality, 
and improving soil physical-hydrological and microbial properties. The effects of no-till 
and diverse crop rotations are more likely to have measurable and significant impacts 
when systematically applied over longer durations.  
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APPENDIX 1 
A 1.1     Laboratory measurements for bulk density in fall 2014 of maize phase under 
T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); F, 4-yr 
(maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in four depths (0-7.5, 
7.5-15, 15-30, 30-60 cm). 
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
T Maize CT 0-7.5 1 1.27 
T Maize CT 0-7.5 2 1.24 
T Maize CT 0-7.5 3 1.28 
T Maize CT 0-7.5 4 1.28 
TH Maize CT 0-7.5 1 1.23 
TH Maize CT 0-7.5 2 1.25 
TH Maize CT 0-7.5 3 1.24 
TH Maize CT 0-7.5 4 1.22 
F Maize CT 0-7.5 1 1.22 
F Maize CT 0-7.5 2 1.23 
F Maize CT 0-7.5 3 1.26 
F Maize CT 0-7.5 4 1.27 
T Maize NT 0-7.5 1 1.21 
T Maize NT 0-7.5 2 1.19 
T Maize NT 0-7.5 3 1.22 
T Maize NT 0-7.5 4 1.20 
TH Maize NT 0-7.5 1 1.22 
TH Maize NT 0-7.5 2 1.21 
TH Maize NT 0-7.5 3 1.23 
TH Maize NT 0-7.5 4 1.24 
F Maize NT 0-7.5 1 1.19 
F Maize NT 0-7.5 2 1.20 
F Maize NT 0-7.5 3 1.18 
F Maize NT 0-7.5 4 1.19 
T Maize CT 7.5-15 1 1.38 
T Maize CT 7.5-15 2 1.39 
T Maize CT 7.5-15 3 1.38 
T Maize CT 7.5-15 4 1.36 
TH Maize CT 7.5-15 1 1.26 
TH Maize CT 7.5-15 2 1.26 
TH Maize CT 7.5-15 3 1.24 
TH Maize CT 7.5-15 4 1.29 
F Maize CT 7.5-15 1 1.22 
F Maize CT 7.5-15 2 1.22 
F Maize CT 7.5-15 3 1.27 
F Maize CT 7.5-15 4 1.37 
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A 1.1     Cont’d 
 
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
T Maize NT 7.5-15 1 1.27 
T Maize NT 7.5-15 2 1.34 
T Maize NT 7.5-15 3 1.28 
T Maize NT 7.5-15 4 1.25 
TH Maize NT 7.5-15 1 1.31 
TH Maize NT 7.5-15 2 1.25 
TH Maize NT 7.5-15 3 1.28 
TH Maize NT 7.5-15 4 1.29 
F Maize NT 7.5-15 1 1.21 
F Maize NT 7.5-15 2 1.17 
F Maize NT 7.5-15 3 1.19 
F Maize NT 7.5-15 4 1.19 
T Maize CT 15-30 1 1.41 
T Maize CT 15-30 2 1.30 
T Maize CT 15-30 3 1.30 
T Maize CT 15-30 4 1.27 
TH Maize CT 15-30 1 1.32 
TH Maize CT 15-30 2 1.29 
TH Maize CT 15-30 3 1.38 
TH Maize CT 15-30 4 1.29 
F Maize CT 15-30 1 1.36 
F Maize CT 15-30 2 1.35 
F Maize CT 15-30 3 1.36 
F Maize CT 15-30 4 1.30 
T Maize NT 15-30 1 1.27 
T Maize NT 15-30 2 1.29 
T Maize NT 15-30 3 1.26 
T Maize NT 15-30 4 1.27 
TH Maize NT 15-30 1 1.38 
TH Maize NT 15-30 2 1.22 
TH Maize NT 15-30 3 1.31 
TH Maize NT 15-30 4 1.30 
F Maize NT 15-30 1 1.28 
F Maize NT 15-30 2 1.25 
F Maize NT 15-30 3 1.27 
F Maize NT 15-30 4 1.25 
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A 1.1     Cont’d 
 
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
T Maize CT 30-60 1 1.34 
T Maize CT 30-60 2 1.48 
T Maize CT 30-60 3 1.45 
T Maize CT 30-60 4 1.34 
TH Maize CT 30-60 1 1.45 
TH Maize CT 30-60 2 1.27 
TH Maize CT 30-60 3 1.34 
TH Maize CT 30-60 4 1.31 
F Maize CT 30-60 1 1.55 
F Maize CT 30-60 2 1.45 
F Maize CT 30-60 3 1.50 
F Maize CT 30-60 4 1.52 
T Maize NT 30-60 1 1.25 
T Maize NT 30-60 2 1.29 
T Maize NT 30-60 3 1.37 
T Maize NT 30-60 4 1.33 
TH Maize NT 30-60 1 1.53 
TH Maize NT 30-60 2 1.26 
TH Maize NT 30-60 3 1.36 
TH Maize NT 30-60 4 1.29 
F Maize NT 30-60 1 1.39 
F Maize NT 30-60 2 1.23 
F Maize NT 30-60 3 1.35 
F Maize NT 30-60 4 1.32 
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A 1.2     Laboratory measurements for bulk density in fall 2014 of soybean phase under 
T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); F, 4-yr 
(maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in four depths (0-7.5, 
7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
T Soybean NT 0-7.5 1 1.25 
T Soybean NT 0-7.5 2 1.23 
T Soybean NT 0-7.5 3 1.29 
T Soybean NT 0-7.5 4 1.23 
TH Soybean NT 0-7.5 1 1.28 
TH Soybean NT 0-7.5 2 1.22 
TH Soybean NT 0-7.5 3 1.22 
TH Soybean NT 0-7.5 4 1.26 
F Soybean NT 0-7.5 1 1.20 
F Soybean NT 0-7.5 2 1.21 
F Soybean NT 0-7.5 3 1.23 
F Soybean NT 0-7.5 4 1.26 
T Soybean CT 0-7.5 1 1.32 
T Soybean CT 0-7.5 2 1.25 
T Soybean CT 0-7.5 3 1.32 
T Soybean CT 0-7.5 4 1.34 
TH Soybean CT 0-7.5 1 1.27 
TH Soybean CT 0-7.5 2 1.27 
TH Soybean CT 0-7.5 3 1.27 
TH Soybean CT 0-7.5 4 1.29 
F Soybean CT 0-7.5 1 1.22 
F Soybean CT 0-7.5 2 1.22 
F Soybean CT 0-7.5 3 1.20 
F Soybean CT 0-7.5 4 1.24 
T Soybean NT 7.5-15 1 1.31 
T Soybean NT 7.5-15 2 1.24 
T Soybean NT 7.5-15 3 1.25 
T Soybean NT 7.5-15 4 1.27 
TH Soybean NT 7.5-15 1 1.24 
TH Soybean NT 7.5-15 2 1.14 
TH Soybean NT 7.5-15 3 1.19 
TH Soybean NT 7.5-15 4 1.21 
F Soybean NT 7.5-15 1 1.29 
F Soybean NT 7.5-15 2 1.21 
F Soybean NT 7.5-15 3 1.27 
F Soybean NT 7.5-15 4 1.32 
T Soybean CT 7.5-15 1 1.32 
T Soybean CT 7.5-15 2 1.26 
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A 1.2     Cont’d 
      
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
T Soybean CT 7.5-15 3 1.36 
T Soybean CT 7.5-15 4 1.36 
TH Soybean CT 7.5-15 1 1.36 
TH Soybean CT 7.5-15 2 1.28 
TH Soybean CT 7.5-15 3 1.39 
TH Soybean CT 7.5-15 4 1.38 
F Soybean CT 7.5-15 1 1.24 
F Soybean CT 7.5-15 2 1.21 
F Soybean CT 7.5-15 3 1.26 
F Soybean CT 7.5-15 4 1.25 
T Soybean NT 15-30 1 1.33 
T Soybean NT 15-30 2 1.36 
T Soybean NT 15-30 3 1.41 
T Soybean NT 15-30 4 1.36 
TH Soybean NT 15-30 1 1.46 
TH Soybean NT 15-30 2 1.35 
TH Soybean NT 15-30 3 1.39 
TH Soybean NT 15-30 4 1.34 
F Soybean NT 15-30 1 1.29 
F Soybean NT 15-30 2 1.31 
F Soybean NT 15-30 3 1.25 
F Soybean NT 15-30 4 1.30 
T Soybean CT 15-30 1 1.35 
T Soybean CT 15-30 2 1.24 
T Soybean CT 15-30 3 1.36 
T Soybean CT 15-30 4 1.31 
TH Soybean CT 15-30 1 1.30 
TH Soybean CT 15-30 2 1.32 
TH Soybean CT 15-30 3 1.27 
TH Soybean CT 15-30 4 1.41 
F Soybean CT 15-30 1 1.30 
F Soybean CT 15-30 2 1.30 
F Soybean CT 15-30 3 1.27 
F Soybean CT 15-30 4 1.33 
T Soybean NT 30-60 1 1.32 
T Soybean NT 30-60 2 1.40 
T Soybean NT 30-60 3 1.49 
T Soybean NT 30-60 4 1.38 
TH Soybean NT 30-60 1 1.37 
TH Soybean NT 30-60 2 1.33 
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A 1.2     Cont’d 
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
TH Soybean NT 30-60 3 1.35 
TH Soybean NT 30-60 4 1.27 
F Soybean NT 30-60 1 1.38 
F Soybean NT 30-60 2 1.26 
F Soybean NT 30-60 3 1.33 
F Soybean NT 30-60 4 1.40 
T Soybean CT 30-60 1 1.58 
T Soybean CT 30-60 2 1.40 
T Soybean CT 30-60 3 1.42 
T Soybean CT 30-60 4 1.45 
TH Soybean CT 30-60 1 1.35 
TH Soybean CT 30-60 2 1.35 
TH Soybean CT 30-60 3 1.36 
TH Soybean CT 30-60 4 1.35 
F Soybean CT 30-60 1 1.38 
F Soybean CT 30-60 2 1.39 
F Soybean CT 30-60 3 1.41 
F Soybean CT 30-60 4 1.39 
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A 1.3     Laboratory measurements for soil organic carbon (SOC) in fall 2014 of maize 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in four 
depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication SOC 
   cm  g kg -1 
T Maize CT 0-7.5 1 25.6 
T Maize CT 0-7.5 2 23.6 
T Maize CT 0-7.5 3 24.5 
T Maize CT 0-7.5 4 25.6 
TH Maize CT 0-7.5 1 24.7 
TH Maize CT 0-7.5 2 26.6 
TH Maize CT 0-7.5 3 23.1 
TH Maize CT 0-7.5 4 24.6 
F Maize CT 0-7.5 1 28.3 
F Maize CT 0-7.5 2 27.3 
F Maize CT 0-7.5 3 26.5 
F Maize CT 0-7.5 4 26.8 
T Maize NT 0-7.5 1 28.9 
T Maize NT 0-7.5 2 29.3 
T Maize NT 0-7.5 3 28.4 
T Maize NT 0-7.5 4 30.6 
TH Maize NT 0-7.5 1 23.5 
TH Maize NT 0-7.5 2 25.6 
TH Maize NT 0-7.5 3 25.5 
TH Maize NT 0-7.5 4 26.3 
F Maize NT 0-7.5 1 30.2 
F Maize NT 0-7.5 2 29.6 
F Maize NT 0-7.5 3 28.9 
F Maize NT 0-7.5 4 30.2 
T Maize CT 7.5-15 1 20.3 
T Maize CT 7.5-15 2 20.5 
T Maize CT 7.5-15 3 19.9 
T Maize CT 7.5-15 4 21.5 
TH Maize CT 7.5-15 1 23.0 
TH Maize CT 7.5-15 2 24.0 
TH Maize CT 7.5-15 3 24.6 
TH Maize CT 7.5-15 4 23.8 
F Maize CT 7.5-15 1 24.1 
F Maize CT 7.5-15 2 24.0 
F Maize CT 7.5-15 3 23.4 
F Maize CT 7.5-15 4 23.3 
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A 1.3     Cont’d 
Rotation Crop Phase Tillage Depth Replication SOC 
   cm  g kg -1 
T Maize NT 7.5-15 1 22.8 
T Maize NT 7.5-15 2 24.2 
T Maize NT 7.5-15 3 22.2 
T Maize NT 7.5-15 4 24.4 
TH Maize NT 7.5-15 1 22.0 
TH Maize NT 7.5-15 2 23.7 
TH Maize NT 7.5-15 3 24.8 
TH Maize NT 7.5-15 4 22.3 
F Maize NT 7.5-15 1 26.4 
F Maize NT 7.5-15 2 26.0 
F Maize NT 7.5-15 3 25.0 
F Maize NT 7.5-15 4 25.0 
T Maize CT 15-30 1 14.6 
T Maize CT 15-30 2 16.5 
T Maize CT 15-30 3 16.1 
T Maize CT 15-30 4 18.8 
TH Maize CT 15-30 1 19.3 
TH Maize CT 15-30 2 18.6 
TH Maize CT 15-30 3 18.8 
TH Maize CT 15-30 4 19.1 
F Maize CT 15-30 1 18.8 
F Maize CT 15-30 2 18.6 
F Maize CT 15-30 3 18.4 
F Maize CT 15-30 4 19.5 
T Maize NT 15-30 1 18.7 
T Maize NT 15-30 2 17.2 
T Maize NT 15-30 3 19.1 
T Maize NT 15-30 4 18.8 
TH Maize NT 15-30 1 17.8 
TH Maize NT 15-30 2 17.7 
TH Maize NT 15-30 3 18.5 
TH Maize NT 15-30 4 18.6 
F Maize NT 15-30 1 24.1 
F Maize NT 15-30 2 21.6 
F Maize NT 15-30 3 20.2 
F Maize NT 15-30 4 21.9 
T Maize CT 30-60 1 15.5 
T Maize CT 30-60 2 15.5 
T Maize CT 30-60 3 14.1 
T Maize CT 30-60 4 15.0 
TH Maize CT 30-60 1 19.7 
 
118 
 
 
 
 
A 1.3     Cont’d 
 
Rotation Crop Phase Tillage Depth Replication SOC 
   cm  g kg -1 
TH Maize CT 30-60 2 16.1 
TH Maize CT 30-60 3 11.0 
TH Maize CT 30-60 4 15.6 
F Maize CT 30-60 1 9.8 
F Maize CT 30-60 2 18.5 
F Maize CT 30-60 3 13.6 
F Maize CT 30-60 4 12.5 
T Maize NT 30-60 1 13.6 
T Maize NT 30-60 2 13.5 
T Maize NT 30-60 3 13.1 
T Maize NT 30-60 4 12.3 
TH Maize NT 30-60 1 9.6 
TH Maize NT 30-60 2 8.4 
TH Maize NT 30-60 3 9.1 
TH Maize NT 30-60 4 11.4 
F Maize NT 30-60 1 14.1 
F Maize NT 30-60 2 13.1 
F Maize NT 30-60 3 17.8 
F Maize NT 30-60 4 11.5 
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A 1.4     Laboratory measurements for soil organic carbon (SOC) in fall 2014 of 
soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-
soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till 
in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication SOC 
   cm  g kg -1 
T Soybean NT 0-7.5 1 26.5 
T Soybean NT 0-7.5 2 26.5 
T Soybean NT 0-7.5 3 24.6 
T Soybean NT 0-7.5 4 23.9 
TH Soybean NT 0-7.5 1 25.6 
TH Soybean NT 0-7.5 2 24.4 
TH Soybean NT 0-7.5 3 26.2 
TH Soybean NT 0-7.5 4 25.9 
F Soybean NT 0-7.5 1 28.3 
F Soybean NT 0-7.5 2 28.9 
F Soybean NT 0-7.5 3 29.7 
F Soybean NT 0-7.5 4 29.8 
T Soybean CT 0-7.5 1 25.7 
T Soybean CT 0-7.5 2 26.9 
T Soybean CT 0-7.5 3 24.7 
T Soybean CT 0-7.5 4 25.7 
TH Soybean CT 0-7.5 1 24.6 
TH Soybean CT 0-7.5 2 25.3 
TH Soybean CT 0-7.5 3 24.0 
TH Soybean CT 0-7.5 4 24.4 
F Soybean CT 0-7.5 1 27.4 
F Soybean CT 0-7.5 2 27.5 
F Soybean CT 0-7.5 3 27.2 
F Soybean CT 0-7.5 4 27.5 
T Soybean NT 7.5-15 1 21.3 
T Soybean NT 7.5-15 2 21.4 
T Soybean NT 7.5-15 3 20.5 
T Soybean NT 7.5-15 4 20.1 
TH Soybean NT 7.5-15 1 21.8 
TH Soybean NT 7.5-15 2 21.8 
TH Soybean NT 7.5-15 3 23.6 
TH Soybean NT 7.5-15 4 21.6 
F Soybean NT 7.5-15 1 24.2 
F Soybean NT 7.5-15 2 24.6 
F Soybean NT 7.5-15 3 24.6 
F Soybean NT 7.5-15 4 25.5 
T Soybean CT 7.5-15 1 19.1 
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A 1.4     Cont’d 
 
Rotation Crop Phase Tillage Depth Replication SOC 
   cm  g kg -1 
T Soybean CT 7.5-15 2 19.9 
T Soybean CT 7.5-15 3 20.3 
T Soybean CT 7.5-15 4 20.6 
TH Soybean CT 7.5-15 1 21.9 
TH Soybean CT 7.5-15 2 23.1 
TH Soybean CT 7.5-15 3 22.1 
TH Soybean CT 7.5-15 4 22.0 
F Soybean CT 7.5-15 1 23.3 
F Soybean CT 7.5-15 2 23.3 
F Soybean CT 7.5-15 3 22.8 
F Soybean CT 7.5-15 4 22.9 
T Soybean NT 15-30 1 16.8 
T Soybean NT 15-30 2 18.1 
T Soybean NT 15-30 3 17.9 
T Soybean NT 15-30 4 19.0 
TH Soybean NT 15-30 1 19.2 
TH Soybean NT 15-30 2 20.3 
TH Soybean NT 15-30 3 20.2 
TH Soybean NT 15-30 4 20.8 
F Soybean NT 15-30 1 21.4 
F Soybean NT 15-30 2 21.4 
F Soybean NT 15-30 3 21.9 
F Soybean NT 15-30 4 21.0 
T Soybean CT 15-30 1 18.4 
T Soybean CT 15-30 2 17.8 
T Soybean CT 15-30 3 18.3 
T Soybean CT 15-30 4 18.1 
TH Soybean CT 15-30 1 15.1 
TH Soybean CT 15-30 2 15.2 
TH Soybean CT 15-30 3 14.0 
TH Soybean CT 15-30 4 16.4 
F Soybean CT 15-30 1 19.3 
F Soybean CT 15-30 2 17.7 
F Soybean CT 15-30 3 19.2 
F Soybean CT 15-30 4 20.7 
T Soybean NT 30-60 1 14.0 
T Soybean NT 30-60 2 13.6 
T Soybean NT 30-60 3 17.6 
T Soybean NT 30-60 4 11.0 
TH Soybean NT 30-60 1 17.8 
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A 1.4     Cont’d 
 
Rotation Crop Phase Tillage Depth Replication SOC 
   cm  g kg -1 
TH Soybean NT 30-60 2 14.1 
TH Soybean NT 30-60 3 13.2 
TH Soybean NT 30-60 4 16.6 
F Soybean NT 30-60 1 14.2 
F Soybean NT 30-60 2 14.0 
F Soybean NT 30-60 3 16.1 
F Soybean NT 30-60 4 12.0 
T Soybean CT 30-60 1 14.3 
T Soybean CT 30-60 2 19.8 
T Soybean CT 30-60 3 17.1 
T Soybean CT 30-60 4 17.2 
TH Soybean CT 30-60 1 10.7 
TH Soybean CT 30-60 2 15.5 
TH Soybean CT 30-60 3 6.9 
TH Soybean CT 30-60 4 9.7 
F Soybean CT 30-60 1 9.6 
F Soybean CT 30-60 2 18.5 
F Soybean CT 30-60 3 13.8 
F Soybean CT 30-60 4 13.3 
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A 1.5     Laboratory measurements for soil total nitrogen (TN) in fall 2014 of maize 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in four 
depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication TN 
   cm  g kg -1 
T Maize CT 0-7.5 1 2.15 
T Maize CT 0-7.5 2 2.19 
T Maize CT 0-7.5 3 2.24 
T Maize CT 0-7.5 4 2.21 
TH Maize CT 0-7.5 1 2.12 
TH Maize CT 0-7.5 2 2.34 
TH Maize CT 0-7.5 3 2.21 
TH Maize CT 0-7.5 4 2.29 
F Maize CT 0-7.5 1 2.28 
F Maize CT 0-7.5 2 2.19 
F Maize CT 0-7.5 3 2.20 
F Maize CT 0-7.5 4 2.31 
T Maize NT 0-7.5 1 2.14 
T Maize NT 0-7.5 2 2.30 
T Maize NT 0-7.5 3 2.26 
T Maize NT 0-7.5 4 2.48 
TH Maize NT 0-7.5 1 2.45 
TH Maize NT 0-7.5 2 2.08 
TH Maize NT 0-7.5 3 2.44 
TH Maize NT 0-7.5 4 2.68 
F Maize NT 0-7.5 1 2.53 
F Maize NT 0-7.5 2 2.97 
F Maize NT 0-7.5 3 2.55 
F Maize NT 0-7.5 4 2.75 
T Maize CT 7.5-15 1 1.95 
T Maize CT 7.5-15 2 1.91 
T Maize CT 7.5-15 3 1.93 
T Maize CT 7.5-15 4 1.93 
TH Maize CT 7.5-15 1 1.95 
TH Maize CT 7.5-15 2 1.98 
TH Maize CT 7.5-15 3 1.97 
TH Maize CT 7.5-15 4 1.92 
F Maize CT 7.5-15 1 2.00 
F Maize CT 7.5-15 2 2.16 
F Maize CT 7.5-15 3 1.98 
F Maize CT 7.5-15 4 1.98 
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A 1.5     Cont’d 
 
Rotation Crop Phase Tillage Depth Replication Total N 
   cm  g kg -1 
T Maize NT 7.5-15 1 2.06 
T Maize NT 7.5-15 2 2.00 
T Maize NT 7.5-15 3 2.09 
T Maize NT 7.5-15 4 1.92 
TH Maize NT 7.5-15 1 2.19 
TH Maize NT 7.5-15 2 2.14 
TH Maize NT 7.5-15 3 2.01 
TH Maize NT 7.5-15 4 2.16 
F Maize NT 7.5-15 1 2.11 
F Maize NT 7.5-15 2 2.08 
F Maize NT 7.5-15 3 2.09 
F Maize NT 7.5-15 4 2.05 
T Maize CT 15-30 1 1.81 
T Maize CT 15-30 2 1.77 
T Maize CT 15-30 3 1.71 
T Maize CT 15-30 4 1.72 
TH Maize CT 15-30 1 1.85 
TH Maize CT 15-30 2 1.96 
TH Maize CT 15-30 3 1.81 
TH Maize CT 15-30 4 1.79 
F Maize CT 15-30 1 1.99 
F Maize CT 15-30 2 1.80 
F Maize CT 15-30 3 1.96 
F Maize CT 15-30 4 1.98 
T Maize NT 15-30 1 2.08 
T Maize NT 15-30 2 1.91 
T Maize NT 15-30 3 2.08 
T Maize NT 15-30 4 2.14 
TH Maize NT 15-30 1 1.68 
TH Maize NT 15-30 2 2.00 
TH Maize NT 15-30 3 1.79 
TH Maize NT 15-30 4 1.75 
F Maize NT 15-30 1 2.00 
F Maize NT 15-30 2 1.92 
F Maize NT 15-30 3 1.98 
F Maize NT 15-30 4 1.98 
T Maize CT 30-60 1 0.89 
T Maize CT 30-60 2 0.87 
T Maize CT 30-60 3 0.96 
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A 1.5     Cont’d 
 
Rotation Crop Phase Tillage Depth Replication TN 
   cm  g kg -1 
T Maize CT 30-60 4 0.99 
TH Maize CT 30-60 1 1.02 
TH Maize CT 30-60 2 1.12 
TH Maize CT 30-60 3 1.06 
TH Maize CT 30-60 4 1.11 
F Maize CT 30-60 1 1.24 
F Maize CT 30-60 2 1.28 
F Maize CT 30-60 3 1.29 
F Maize CT 30-60 4 1.33 
T Maize NT 30-60 1 1.04 
T Maize NT 30-60 2 1.16 
T Maize NT 30-60 3 1.30 
T Maize NT 30-60 4 1.12 
TH Maize NT 30-60 1 1.07 
TH Maize NT 30-60 2 1.20 
TH Maize NT 30-60 3 1.18 
TH Maize NT 30-60 4 1.19 
F Maize NT 30-60 1 1.30 
F Maize NT 30-60 2 1.48 
F Maize NT 30-60 3 1.39 
F Maize NT 30-60 4 1.95 
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A 1.6     Laboratory measurements for soil total nitrogen (TN) in fall 2014 of soybean 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in four 
depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication TN 
   cm  g kg -1 
T Soybean NT 0-7.5 1 2.36 
T Soybean NT 0-7.5 2 2.38 
T Soybean NT 0-7.5 3 2.75 
T Soybean NT 0-7.5 4 2.38 
TH Soybean NT 0-7.5 1 2.52 
TH Soybean NT 0-7.5 2 2.59 
TH Soybean NT 0-7.5 3 2.33 
TH Soybean NT 0-7.5 4 2.57 
F Soybean NT 0-7.5 1 2.64 
F Soybean NT 0-7.5 2 2.44 
F Soybean NT 0-7.5 3 2.40 
F Soybean NT 0-7.5 4 2.47 
T Soybean CT 0-7.5 1 2.40 
T Soybean CT 0-7.5 2 2.30 
T Soybean CT 0-7.5 3 2.13 
T Soybean CT 0-7.5 4 2.21 
TH Soybean CT 0-7.5 1 2.50 
TH Soybean CT 0-7.5 2 2.45 
TH Soybean CT 0-7.5 3 2.31 
TH Soybean CT 0-7.5 4 2.25 
F Soybean CT 0-7.5 1 2.33 
F Soybean CT 0-7.5 2 2.41 
F Soybean CT 0-7.5 3 2.31 
F Soybean CT 0-7.5 4 2.38 
T Soybean NT 7.5-15 1 2.32 
T Soybean NT 7.5-15 2 2.02 
T Soybean NT 7.5-15 3 1.88 
T Soybean NT 7.5-15 4 2.13 
TH Soybean NT 7.5-15 1 2.00 
TH Soybean NT 7.5-15 2 2.17 
TH Soybean NT 7.5-15 3 1.91 
TH Soybean NT 7.5-15 4 2.03 
F Soybean NT 7.5-15 1 1.98 
F Soybean NT 7.5-15 2 2.20 
F Soybean NT 7.5-15 3 2.00 
F Soybean NT 7.5-15 4 2.30 
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A 1.6     Cont’d 
 
 
 
 
 
Rotation Crop Phase Tillage Depth Replication TN 
   cm  g kg -1 
T Soybean CT 7.5-15 1 1.89 
T Soybean CT 7.5-15 2 1.89 
T Soybean CT 7.5-15 3 2.01 
T Soybean CT 7.5-15 4 2.03 
TH Soybean CT 7.5-15 1 1.91 
TH Soybean CT 7.5-15 2 2.12 
TH Soybean CT 7.5-15 3 1.96 
TH Soybean CT 7.5-15 4 2.03 
F Soybean CT 7.5-15 1 2.11 
F Soybean CT 7.5-15 2 1.76 
F Soybean CT 7.5-15 3 1.88 
F Soybean CT 7.5-15 4 1.98 
T Soybean NT 15-30 1 1.97 
T Soybean NT 15-30 2 1.96 
T Soybean NT 15-30 3 1.95 
T Soybean NT 15-30 4 1.86 
TH Soybean NT 15-30 1 1.75 
TH Soybean NT 15-30 2 1.90 
TH Soybean NT 15-30 3 1.82 
TH Soybean NT 15-30 4 1.94 
F Soybean NT 15-30 1 1.88 
F Soybean NT 15-30 2 1.78 
F Soybean NT 15-30 3 2.11 
F Soybean NT 15-30 4 1.73 
T Soybean CT 15-30 1 1.72 
T Soybean CT 15-30 2 1.73 
T Soybean CT 15-30 3 1.77 
T Soybean CT 15-30 4 1.76 
TH Soybean CT 15-30 1 1.67 
TH Soybean CT 15-30 2 2.03 
TH Soybean CT 15-30 3 1.43 
TH Soybean CT 15-30 4 1.60 
F Soybean CT 15-30 1 1.81 
F Soybean CT 15-30 2 1.77 
F Soybean CT 15-30 3 1.79 
F Soybean CT 15-30 4 1.79 
T Soybean NT 30-60 1 1.45 
T Soybean NT 30-60 2 0.87 
T Soybean NT 30-60 3 1.95 
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A 1.6     Cont’d 
 
 
 
 
 
Rotation Crop Phase Tillage Depth Replication TN 
   cm  g kg -1 
T Soybean NT 30-60 4 1.19 
TH Soybean NT 30-60 1 0.83 
TH Soybean NT 30-60 2 1.11 
TH Soybean NT 30-60 3 1.36 
TH Soybean NT 30-60 4 1.60 
F Soybean NT 30-60 1 0.92 
F Soybean NT 30-60 2 0.91 
F Soybean NT 30-60 3 1.66 
F Soybean NT 30-60 4 1.33 
T Soybean CT 30-60 1 1.37 
T Soybean CT 30-60 2 0.88 
T Soybean CT 30-60 3 0.97 
T Soybean CT 30-60 4 1.62 
TH Soybean CT 30-60 1 0.70 
TH Soybean CT 30-60 2 1.33 
TH Soybean CT 30-60 3 0.89 
TH Soybean CT 30-60 4 1.12 
F Soybean CT 30-60 1 0.94 
F Soybean CT 30-60 2 0.93 
F Soybean CT 30-60 3 1.08 
F Soybean CT 30-60 4 1.23 
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A 1.7     Laboratory measurements for soil carbon: nitrogen (C:N) in fall 2014 of maize 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in four 
depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication C:N Ratio 
   cm   
T Maize CT 0-7.5 1 11.9 
T Maize CT 0-7.5 2 10.7 
T Maize CT 0-7.5 3 10.9 
T Maize CT 0-7.5 4 11.5 
TH Maize CT 0-7.5 1 11.6 
TH Maize CT 0-7.5 2 11.3 
TH Maize CT 0-7.5 3 10.4 
TH Maize CT 0-7.5 4 10.7 
F Maize CT 0-7.5 1 12.4 
F Maize CT 0-7.5 2 12.4 
F Maize CT 0-7.5 3 12.0 
F Maize CT 0-7.5 4 11.5 
T Maize NT 0-7.5 1 13.4 
T Maize NT 0-7.5 2 12.7 
T Maize NT 0-7.5 3 12.5 
T Maize NT 0-7.5 4 12.3 
TH Maize NT 0-7.5 1 9.5 
TH Maize NT 0-7.5 2 12.3 
TH Maize NT 0-7.5 3 10.4 
TH Maize NT 0-7.5 4 9.80 
F Maize NT 0-7.5 1 11.9 
F Maize NT 0-7.5 2 9.96 
F Maize NT 0-7.5 3 11.3 
F Maize NT 0-7.5 4 10.9 
T Maize CT 7.5-15 1 10.4 
T Maize CT 7.5-15 2 10.7 
T Maize CT 7.5-15 3 10.2 
T Maize CT 7.5-15 4 11.1 
TH Maize CT 7.5-15 1 11.7 
TH Maize CT 7.5-15 2 12.1 
TH Maize CT 7.5-15 3 12.5 
TH Maize CT 7.5-15 4 12.3 
F Maize CT 7.5-15 1 12.0 
F Maize CT 7.5-15 2 11.1 
F Maize CT 7.5-15 3 11.8 
F Maize CT 7.5-15 4 11.7 
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A 1.7     Cont’d 
 
 
 
  
Rotation Crop Phase Tillage Depth Replication C:N Ratio 
   cm   
T Maize NT 7.5-15 1 11.0 
T Maize NT 7.5-15 2 12.0 
T Maize NT 7.5-15 3 10.6 
T Maize NT 7.5-15 4 12.7 
TH Maize NT 7.5-15 1 10.0 
TH Maize NT 7.5-15 2 11.0 
TH Maize NT 7.5-15 3 12.3 
TH Maize NT 7.5-15 4 10.3 
F Maize NT 7.5-15 1 12.5 
F Maize NT 7.5-15 2 12.5 
F Maize NT 7.5-15 3 11.9 
F Maize NT 7.5-15 4 12.1 
T Maize CT 15-30 1 8.1 
T Maize CT 15-30 2 9.3 
T Maize CT 15-30 3 9.4 
T Maize CT 15-30 4 10.9 
TH Maize CT 15-30 1 10.4 
TH Maize CT 15-30 2 9.5 
TH Maize CT 15-30 3 10.4 
TH Maize CT 15-30 4 10.6 
F Maize CT 15-30 1 9.4 
F Maize CT 15-30 2 10.3 
F Maize CT 15-30 3 9.4 
F Maize CT 15-30 4 9.8 
T Maize NT 15-30 1 9.0 
T Maize NT 15-30 2 9.0 
T Maize NT 15-30 3 9.2 
T Maize NT 15-30 4 8.8 
TH Maize NT 15-30 1 10.6 
TH Maize NT 15-30 2 8.8 
TH Maize NT 15-30 3 10.3 
TH Maize NT 15-30 4 10.7 
F Maize NT 15-30 1 12.0 
F Maize NT 15-30 2 11.3 
F Maize NT 15-30 3 10.2 
F Maize NT 15-30 4 11.1 
T Maize CT 30-60 1 17.4 
T Maize CT 30-60 2 17.7 
T Maize CT 30-60 3 14.7 
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A 1.7     Cont’d 
 
 
 
  
Rotation Crop Phase Tillage Depth Replication C:N Ratio 
   cm   
T Maize CT 30-60 4 15.2 
TH Maize CT 30-60 1 19.3 
TH Maize CT 30-60 2 14.3 
TH Maize CT 30-60 3 10.3 
TH Maize CT 30-60 4 14.1 
F Maize CT 30-60 1 7.9 
F Maize CT 30-60 2 14.5 
F Maize CT 30-60 3 10.5 
F Maize CT 30-60 4 9.4 
T Maize NT 30-60 1 13.1 
T Maize NT 30-60 2 11.7 
T Maize NT 30-60 3 10.1 
T Maize NT 30-60 4 11.0 
TH Maize NT 30-60 1 9.0 
TH Maize NT 30-60 2 7.0 
TH Maize NT 30-60 3 7.7 
TH Maize NT 30-60 4 9.6 
F Maize NT 30-60 1 10.8 
F Maize NT 30-60 2 8.9 
F Maize NT 30-60 3 12.8 
F Maize NT 30-60 4 5.9 
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A 1.8     Laboratory measurements for soil carbon: nitrogen (C:N) in fall 2014 of 
soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-
soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till 
in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication C:N Ratio 
   cm   
T Soybean NT 0-7.5 1 11.2 
T Soybean NT 0-7.5 2 11.1 
T Soybean NT 0-7.5 3 8.94 
T Soybean NT 0-7.5 4 10.0 
TH Soybean NT 0-7.5 1 10.1 
TH Soybean NT 0-7.5 2 9.41 
TH Soybean NT 0-7.5 3 11.2 
TH Soybean NT 0-7.5 4 10.0 
F Soybean NT 0-7.5 1 10.7 
F Soybean NT 0-7.5 2 11.8 
F Soybean NT 0-7.5 3 12.3 
F Soybean NT 0-7.5 4 12.0 
T Soybean CT 0-7.5 1 10.7 
T Soybean CT 0-7.5 2 11.7 
T Soybean CT 0-7.5 3 11.5 
T Soybean CT 0-7.5 4 11.6 
TH Soybean CT 0-7.5 1 9.86 
TH Soybean CT 0-7.5 2 10.3 
TH Soybean CT 0-7.5 3 10.3 
TH Soybean CT 0-7.5 4 10.8 
F Soybean CT 0-7.5 1 11.7 
F Soybean CT 0-7.5 2 11.4 
F Soybean CT 0-7.5 3 11.7 
F Soybean CT 0-7.5 4 11.5 
T Soybean NT 7.5-15 1 9.2 
T Soybean NT 7.5-15 2 10.6 
T Soybean NT 7.5-15 3 10.9 
T Soybean NT 7.5-15 4 9.4 
TH Soybean NT 7.5-15 1 10.9 
TH Soybean NT 7.5-15 2 10.1 
TH Soybean NT 7.5-15 3 12.4 
TH Soybean NT 7.5-15 4 10.6 
F Soybean NT 7.5-15 1 12.2 
F Soybean NT 7.5-15 2 11.2 
F Soybean NT 7.5-15 3 12.3 
F Soybean NT 7.5-15 4 11.1 
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A 1.8     Cont’d 
 
 
 
 
 
Rotation Crop Phase Tillage Depth Replication C:N Ratio 
   cm   
T Soybean CT 7.5-15 1 10.1 
T Soybean CT 7.5-15 2 10.5 
T Soybean CT 7.5-15 3 10.1 
T Soybean CT 7.5-15 4 10.1 
TH Soybean CT 7.5-15 1 11.5 
TH Soybean CT 7.5-15 2 10.9 
TH Soybean CT 7.5-15 3 11.3 
TH Soybean CT 7.5-15 4 10.8 
F Soybean CT 7.5-15 1 11.0 
F Soybean CT 7.5-15 2 13.2 
F Soybean CT 7.5-15 3 12.1 
F Soybean CT 7.5-15 4 11.6 
T Soybean NT 15-30 1 8.5 
T Soybean NT 15-30 2 9.2 
T Soybean NT 15-30 3 9.2 
T Soybean NT 15-30 4 10.2 
TH Soybean NT 15-30 1 11.0 
TH Soybean NT 15-30 2 10.7 
TH Soybean NT 15-30 3 11.1 
TH Soybean NT 15-30 4 10.7 
F Soybean NT 15-30 1 11.4 
F Soybean NT 15-30 2 12.0 
F Soybean NT 15-30 3 10.4 
F Soybean NT 15-30 4 12.1 
T Soybean CT 15-30 1 10.7 
T Soybean CT 15-30 2 10.3 
T Soybean CT 15-30 3 10.3 
T Soybean CT 15-30 4 10.3 
TH Soybean CT 15-30 1 9.0 
TH Soybean CT 15-30 2 7.5 
TH Soybean CT 15-30 3 9.8 
TH Soybean CT 15-30 4 10.3 
F Soybean CT 15-30 1 10.6 
F Soybean CT 15-30 2 10.0 
F Soybean CT 15-30 3 10.7 
F Soybean CT 15-30 4 11.5 
T Soybean NT 30-60 1 9.7 
T Soybean NT 30-60 2 15.7 
T Soybean NT 30-60 3 9.0 
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A 1.8     Cont’d 
 
 
 
  
Rotation Crop Phase Tillage Depth Replication C:N Ratio 
   cm   
T Soybean NT 30-60 4 9.2 
TH Soybean NT 30-60 1 21.4 
TH Soybean NT 30-60 2 12.7 
TH Soybean NT 30-60 3 9.7 
TH Soybean NT 30-60 4 10.4 
F Soybean NT 30-60 1 15.4 
F Soybean NT 30-60 2 15.4 
F Soybean NT 30-60 3 9.7 
F Soybean NT 30-60 4 9.0 
T Soybean CT 30-60 1 10.5 
T Soybean CT 30-60 2 22.6 
T Soybean CT 30-60 3 17.5 
T Soybean CT 30-60 4 10.6 
TH Soybean CT 30-60 1 15.4 
TH Soybean CT 30-60 2 11.6 
TH Soybean CT 30-60 3 7.8 
TH Soybean CT 30-60 4 8.7 
F Soybean CT 30-60 1 10.2 
F Soybean CT 30-60 2 19.8 
F Soybean CT 30-60 3 12.8 
F Soybean CT 30-60 4 10.8 
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A 1.9     Laboratory measurements for light fraction organic carbon (LFOC) in fall 
2014 of maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-
soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till 
in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication LFOC 
   cm  g kg-1 
T Maize CT 0-7.5 1 16.0 
T Maize CT 0-7.5 2 17.0 
T Maize CT 0-7.5 3 14.0 
T Maize CT 0-7.5 4 17.1 
TH Maize CT 0-7.5 1 20.7 
TH Maize CT 0-7.5 2 18.1 
TH Maize CT 0-7.5 3 19.0 
TH Maize CT 0-7.5 4 19.3 
F Maize CT 0-7.5 1 19.6 
F Maize CT 0-7.5 2 20.1 
F Maize CT 0-7.5 3 17.0 
F Maize CT 0-7.5 4 16.2 
T Maize NT 0-7.5 1 17.8 
T Maize NT 0-7.5 2 19.5 
T Maize NT 0-7.5 3 18.5 
T Maize NT 0-7.5 4 15.5 
TH Maize NT 0-7.5 1 23.4 
TH Maize NT 0-7.5 2 22.5 
TH Maize NT 0-7.5 3 21.2 
TH Maize NT 0-7.5 4 17.8 
F Maize NT 0-7.5 1 25.0 
F Maize NT 0-7.5 2 23.0 
F Maize NT 0-7.5 3 19.0 
F Maize NT 0-7.5 4 22.3 
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A 1.9     Laboratory measurements for light fraction organic nitrogen (LFON) in fall 
2014 of maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-
soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till 
in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication LFON 
   cm  g kg-1 
T Maize CT 0-7.5 1 1.00 
T Maize CT 0-7.5 2 1.06 
T Maize CT 0-7.5 3 0.91 
T Maize CT 0-7.5 4 1.03 
TH Maize CT 0-7.5 1 1.15 
TH Maize CT 0-7.5 2 1.10 
TH Maize CT 0-7.5 3 1.15 
TH Maize CT 0-7.5 4 1.00 
F Maize CT 0-7.5 1 1.07 
F Maize CT 0-7.5 2 1.09 
F Maize CT 0-7.5 3 1.09 
F Maize CT 0-7.5 4 1.12 
T Maize NT 0-7.5 1 1.15 
T Maize NT 0-7.5 2 1.09 
T Maize NT 0-7.5 3 1.11 
T Maize NT 0-7.5 4 1.01 
TH Maize NT 0-7.5 1 1.33 
TH Maize NT 0-7.5 2 1.34 
TH Maize NT 0-7.5 3 1.09 
TH Maize NT 0-7.5 4 1.24 
F Maize NT 0-7.5 1 1.35 
F Maize NT 0-7.5 2 1.47 
F Maize NT 0-7.5 3 1.13 
F Maize NT 0-7.5 4 1.45 
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A 1.10     Laboratory measurements for light fraction organic carbon: nitrogen (LFO 
C:N) in fall 2014 of maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr 
rotation (maize-soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, 
conventional-till in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication LFO C:N 
Ratio 
   cm   
T Maize CT 0-7.5 1 16.1 
T Maize CT 0-7.5 2 16.1 
T Maize CT 0-7.5 3 15.4 
T Maize CT 0-7.5 4 16.6 
TH Maize CT 0-7.5 1 18.0 
TH Maize CT 0-7.5 2 16.4 
TH Maize CT 0-7.5 3 16.5 
TH Maize CT 0-7.5 4 19.3 
F Maize CT 0-7.5 1 18.3 
F Maize CT 0-7.5 2 18.5 
F Maize CT 0-7.5 3 15.6 
F Maize CT 0-7.5 4 14.5 
T Maize NT 0-7.5 1 15.5 
T Maize NT 0-7.5 2 17.9 
T Maize NT 0-7.5 3 16.6 
T Maize NT 0-7.5 4 15.2 
TH Maize NT 0-7.5 1 17.7 
TH Maize NT 0-7.5 2 16.7 
TH Maize NT 0-7.5 3 19.5 
TH Maize NT 0-7.5 4 14.4 
F Maize NT 0-7.5 1 18.5 
F Maize NT 0-7.5 2 15.7 
F Maize NT 0-7.5 3 16.8 
F Maize NT 0-7.5 4 15.4 
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A 1.11     Laboratory measurements for light fraction organic carbon (LFOC) in fall 
2014 of soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation 
(maize-soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, 
conventional-till in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication LFOC 
   cm  g kg-1 
T Soybean NT 0-7.5 1 18.3 
T Soybean NT 0-7.5 2 16.6 
T Soybean NT 0-7.5 3 17.5 
T Soybean NT 0-7.5 4 19.7 
TH Soybean NT 0-7.5 1 17.3 
TH Soybean NT 0-7.5 2 16.5 
TH Soybean NT 0-7.5 3 18.2 
TH Soybean NT 0-7.5 4 19.2 
F Soybean NT 0-7.5 1 21.2 
F Soybean NT 0-7.5 2 20.1 
F Soybean NT 0-7.5 3 20.5 
F Soybean NT 0-7.5 4 22.2 
T Soybean CT 0-7.5 1 12.5 
T Soybean CT 0-7.5 2 12.2 
T Soybean CT 0-7.5 3 13.4 
T Soybean CT 0-7.5 4 12.3 
TH Soybean CT 0-7.5 1 18.5 
TH Soybean CT 0-7.5 2 19.2 
TH Soybean CT 0-7.5 3 16.9 
TH Soybean CT 0-7.5 4 20.3 
F Soybean CT 0-7.5 1 20.5 
F Soybean CT 0-7.5 2 23.1 
F Soybean CT 0-7.5 3 23.0 
F Soybean CT 0-7.5 4 19.8 
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A 1.12     Laboratory measurements for light fraction organic nitrogen (LFON) in fall 
2014 of soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation 
(maize-soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, 
conventional-till in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication LFON 
   cm  g kg-1 
T Soybean NT 0-7.5 1 1.06 
T Soybean NT 0-7.5 2 1.00 
T Soybean NT 0-7.5 3 1.08 
T Soybean NT 0-7.5 4 0.92 
TH Soybean NT 0-7.5 1 1.07 
TH Soybean NT 0-7.5 2 1.13 
TH Soybean NT 0-7.5 3 1.10 
TH Soybean NT 0-7.5 4 1.09 
F Soybean NT 0-7.5 1 1.35 
F Soybean NT 0-7.5 2 1.36 
F Soybean NT 0-7.5 3 1.41 
F Soybean NT 0-7.5 4 1.37 
T Soybean CT 0-7.5 1 0.94 
T Soybean CT 0-7.5 2 0.86 
T Soybean CT 0-7.5 3 0.96 
T Soybean CT 0-7.5 4 0.81 
TH Soybean CT 0-7.5 1 1.02 
TH Soybean CT 0-7.5 2 1.10 
TH Soybean CT 0-7.5 3 1.10 
TH Soybean CT 0-7.5 4 0.85 
F Soybean CT 0-7.5 1 1.20 
F Soybean CT 0-7.5 2 1.24 
F Soybean CT 0-7.5 3 1.22 
F Soybean CT 0-7.5 4 1.23 
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A 1.13     Laboratory measurements for light fraction organic carbon: nitrogen (LFO 
C:N) in fall 2014 of soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr 
rotation (maize-soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, 
conventional-till in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication LFO C:N 
Ratio 
   cm   
T Soybean NT 0-7.5 1 17.3 
T Soybean NT 0-7.5 2 16.6 
T Soybean NT 0-7.5 3 16.2 
T Soybean NT 0-7.5 4 21.4 
TH Soybean NT 0-7.5 1 16.2 
TH Soybean NT 0-7.5 2 14.6 
TH Soybean NT 0-7.5 3 16.6 
TH Soybean NT 0-7.5 4 17.6 
F Soybean NT 0-7.5 1 15.7 
F Soybean NT 0-7.5 2 14.8 
F Soybean NT 0-7.5 3 14.5 
F Soybean NT 0-7.5 4 16.2 
T Soybean CT 0-7.5 1 13.3 
T Soybean CT 0-7.5 2 14.2 
T Soybean CT 0-7.5 3 14.0 
T Soybean CT 0-7.5 4 15.3 
TH Soybean CT 0-7.5 1 18.3 
TH Soybean CT 0-7.5 2 17.5 
TH Soybean CT 0-7.5 3 15.4 
TH Soybean CT 0-7.5 4 24.0 
F Soybean CT 0-7.5 1 17.2 
F Soybean CT 0-7.5 2 18.7 
F Soybean CT 0-7.5 3 18.8 
F Soybean CT 0-7.5 4 16.1 
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A 1.14     Laboratory measurements for wet aggregate stability (WAS) in fall 2014 of 
maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-
oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in four 
depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication WAS 
   cm  % 
T Maize CT 0-7.5 1 93.3 
T Maize CT 0-7.5 2 90.1 
T Maize CT 0-7.5 3 94.4 
T Maize CT 0-7.5 4 91.2 
TH Maize CT 0-7.5 1 90.5 
TH Maize CT 0-7.5 2 90.9 
TH Maize CT 0-7.5 3 90.1 
TH Maize CT 0-7.5 4 92.2 
F Maize CT 0-7.5 1 99.3 
F Maize CT 0-7.5 2 96.9 
F Maize CT 0-7.5 3 99.7 
F Maize CT 0-7.5 4 96.0 
T Maize NT 0-7.5 1 93.4 
T Maize NT 0-7.5 2 94.1 
T Maize NT 0-7.5 3 93.0 
T Maize NT 0-7.5 4 93.1 
TH Maize NT 0-7.5 1 95.2 
TH Maize NT 0-7.5 2 90.8 
TH Maize NT 0-7.5 3 97.7 
TH Maize NT 0-7.5 4 94.6 
F Maize NT 0-7.5 1 97.8 
F Maize NT 0-7.5 2 98.3 
F Maize NT 0-7.5 3 95.9 
F Maize NT 0-7.5 4 98.6 
T Maize CT 7.5-15 1 94.6 
T Maize CT 7.5-15 2 91.2 
T Maize CT 7.5-15 3 90.2 
T Maize CT 7.5-15 4 94.0 
TH Maize CT 7.5-15 1 97.6 
TH Maize CT 7.5-15 2 99.1 
TH Maize CT 7.5-15 3 98.0 
TH Maize CT 7.5-15 4 95.8 
F Maize CT 7.5-15 1 95.2 
F Maize CT 7.5-15 2 95.3 
F Maize CT 7.5-15 3 96.0 
F Maize CT 7.5-15 4 95.1 
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A 1.14     Cont’d 
 
 
 
  
Rotation Crop Phase Tillage Depth Replication WAS 
   cm  % 
T Maize NT 7.5-15 1 93.2 
T Maize NT 7.5-15 2 94.4 
T Maize NT 7.5-15 3 94.7 
T Maize NT 7.5-15 4 95.2 
TH Maize NT 7.5-15 1 99.7 
TH Maize NT 7.5-15 2 94.2 
TH Maize NT 7.5-15 3 96.3 
TH Maize NT 7.5-15 4 95.2 
F Maize NT 7.5-15 1 98.3 
F Maize NT 7.5-15 2 97.6 
F Maize NT 7.5-15 3 97.2 
F Maize NT 7.5-15 4 96.3 
 
 
A 1.15     Laboratory measurements for wet aggregate stability (WAS) in fall 2014 of 
soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-
soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till 
in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication WAS 
   cm  % 
T Soybean NT 0-7.5 1 92.0 
T Soybean NT 0-7.5 2 91.3 
T Soybean NT 0-7.5 3 92.3 
T Soybean NT 0-7.5 4 93.3 
TH Soybean NT 0-7.5 1 99.7 
TH Soybean NT 0-7.5 2 97.1 
TH Soybean NT 0-7.5 3 94.3 
TH Soybean NT 0-7.5 4 97.2 
F Soybean NT 0-7.5 1 97.8 
F Soybean NT 0-7.5 2 97.7 
F Soybean NT 0-7.5 3 96.7 
F Soybean NT 0-7.5 4 99.0 
T Soybean CT 0-7.5 1 96.2 
T Soybean CT 0-7.5 2 94.1 
T Soybean CT 0-7.5 3 94.3 
T Soybean CT 0-7.5 4 95.1 
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A 1.15     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication WAS 
   cm  % 
TH Soybean CT 0-7.5 1 89.6 
TH Soybean CT 0-7.5 2 89.3 
TH Soybean CT 0-7.5 3 89.7 
TH Soybean CT 0-7.5 4 90.2 
F Soybean CT 0-7.5 1 90.9 
F Soybean CT 0-7.5 2 93.2 
F Soybean CT 0-7.5 3 97.7 
F Soybean CT 0-7.5 4 93.9 
T Soybean NT 7.5-15 1 92.5 
T Soybean NT 7.5-15 2 92.5 
T Soybean NT 7.5-15 3 91.2 
T Soybean NT 7.5-15 4 90.3 
TH Soybean NT 7.5-15 1 93.6 
TH Soybean NT 7.5-15 2 94.6 
TH Soybean NT 7.5-15 3 92.8 
TH Soybean NT 7.5-15 4 94.8 
F Soybean NT 7.5-15 1 97.4 
F Soybean NT 7.5-15 2 96.6 
F Soybean NT 7.5-15 3 97.3 
F Soybean NT 7.5-15 4 97.3 
T Soybean CT 7.5-15 1 91.9 
T Soybean CT 7.5-15 2 93.3 
T Soybean CT 7.5-15 3 90.1 
T Soybean CT 7.5-15 4 92.3 
TH Soybean CT 7.5-15 1 91.0 
TH Soybean CT 7.5-15 2 92.8 
TH Soybean CT 7.5-15 3 92.3 
TH Soybean CT 7.5-15 4 91.9 
F Soybean CT 7.5-15 1 96.8 
F Soybean CT 7.5-15 2 94.3 
F Soybean CT 7.5-15 3 95.8 
F Soybean CT 7.5-15 4 95.2 
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A 1.16     Laboratory measurements for weighted carbon stock (C stock w) in fall 2014 
of maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-
soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till 
in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication C stock w 
   cm  kg m-2 
T Maize CT 0-15 1 45.6 
T Maize CT 0-15 2 43.5 
T Maize CT 0-15 3 44.3 
T Maize CT 0-15 4 46.6 
TH Maize CT 0-15 1 44.5 
TH Maize CT 0-15 2 47.6 
TH Maize CT 0-15 3 44.4 
TH Maize CT 0-15 4 45.6 
F Maize CT 0-15 1 47.9 
F Maize CT 0-15 2 47.1 
F Maize CT 0-15 3 47.3 
F Maize CT 0-15 4 49.6 
T Maize NT 0-15 1 48.1 
T Maize NT 0-15 2 50.8 
T Maize NT 0-15 3 47.4 
T Maize NT 0-15 4 50.5 
TH Maize NT 0-15 1 43.2 
TH Maize NT 0-15 2 45.5 
TH Maize NT 0-15 3 47.3 
TH Maize NT 0-15 4 46.1 
F Maize NT 0-15 1 50.9 
F Maize NT 0-15 2 49.4 
F Maize NT 0-15 3 47.8 
F Maize NT 0-15 4 49.3 
T Maize CT 0-60 1 139 
T Maize CT 0-60 2 145 
T Maize CT 0-60 3 138 
T Maize CT 0-60 4 143 
TH Maize CT 0-60 1 169 
TH Maize CT 0-60 2 145 
TH Maize CT 0-60 3 128 
TH Maize CT 0-60 4 144 
F Maize CT 0-60 1 138 
F Maize CT 0-60 2 167 
F Maize CT 0-60 3 149 
F Maize CT 0-60 4 148 
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A 1.16     Cont’d 
 
 
 
  
Rotation Crop Phase Tillage Depth Replication C stock w 
   cm  kg m-2 
T Maize NT 0-60 1 135 
T Maize NT 0-60 2 137 
T Maize NT 0-60 3 139 
T Maize NT 0-60 4 137 
TH Maize NT 0-60 1 128 
TH Maize NT 0-60 2 110 
TH Maize NT 0-60 3 123 
TH Maize NT 0-60 4 127 
F Maize NT 0-60 1 159 
F Maize NT 0-60 2 139 
F Maize NT 0-60 3 160 
F Maize NT 0-60 4 138 
 
 
A 1.17     Laboratory measurements for weighted carbon stock (C stock w) in fall 2014 
of soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-
soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till 
in four depths (0-7.5, 7.5-15, 15-30, 30-60 cm). 
 
Rotation Crop Phase Tillage Depth Replication C stock w 
   cm  kg m-2 
T Soybean NT 0-15 1 45.9 
T Soybean NT 0-15 2 44.4 
T Soybean NT 0-15 3 43.0 
T Soybean NT 0-15 4 41.3 
TH Soybean NT 0-15 1 44.8 
TH Soybean NT 0-15 2 40.9 
TH Soybean NT 0-15 3 45.0 
TH Soybean NT 0-15 4 44.0 
F Soybean NT 0-15 1 49.0 
F Soybean NT 0-15 2 48.6 
F Soybean NT 0-15 3 50.9 
F Soybean NT 0-15 4 53.5 
T Soybean CT 0-15 1 44.4 
T Soybean CT 0-15 2 44.1 
T Soybean CT 0-15 3 45.2 
T Soybean CT 0-15 4 46.9 
TH Soybean CT 0-15 1 45.9 
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A 1.17     Cont’d 
 
  
  
Rotation Crop Phase Tillage Depth Replication C stock w 
   cm  kg m-2 
TH Soybean CT 0-15 2 46.3 
TH Soybean CT 0-15 3 46.0 
TH Soybean CT 0-15 4 46.5 
F Soybean CT 0-15 1 46.8 
F Soybean CT 0-15 2 46.3 
F Soybean CT 0-15 3 46.1 
F Soybean CT 0-15 4 47.1 
T Soybean NT 0-60 1 135 
T Soybean NT 0-60 2 140 
T Soybean NT 0-60 3 161 
T Soybean NT 0-60 4 127 
TH Soybean NT 0-60 1 161 
TH Soybean NT 0-60 2 139 
TH Soybean NT 0-60 3 142 
TH Soybean NT 0-60 4 149 
F Soybean NT 0-60 1 151 
F Soybean NT 0-60 2 144 
F Soybean NT 0-60 3 157 
F Soybean NT 0-60 4 147 
T Soybean CT 0-60 1 152 
T Soybean CT 0-60 2 160 
T Soybean CT 0-60 3 156 
T Soybean CT 0-60 4 158 
TH Soybean CT 0-60 1 119 
TH Soybean CT 0-60 2 140 
TH Soybean CT 0-60 3 101 
TH Soybean CT 0-60 4 120 
F Soybean CT 0-60 1 127 
F Soybean CT 0-60 2 159 
F Soybean CT 0-60 3 143 
F Soybean CT 0-60 4 146 
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APPENDIX 2 
A 2.1     Laboratory measurements for bulk density in fall 2015 of maize phase under 
T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); F, 4-yr 
(maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in two depths (0-7.5, 
7.5-15 cm). 
 
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
T Maize CT 0-7.5 1 1.25 
T Maize CT 0-7.5 2 1.27 
T Maize CT 0-7.5 3 1.27 
T Maize CT 0-7.5 4 1.25 
TH Maize CT 0-7.5 1 1.27 
TH Maize CT 0-7.5 2 1.34 
TH Maize CT 0-7.5 3 1.22 
TH Maize CT 0-7.5 4 1.30 
F Maize CT 0-7.5 1 1.22 
F Maize CT 0-7.5 2 1.26 
F Maize CT 0-7.5 3 1.23 
F Maize CT 0-7.5 4 1.24 
T Maize NT 0-7.5 1 1.21 
T Maize NT 0-7.5 2 1.21 
T Maize NT 0-7.5 3 1.28 
T Maize NT 0-7.5 4 1.20 
TH Maize NT 0-7.5 1 1.24 
TH Maize NT 0-7.5 2 1.26 
TH Maize NT 0-7.5 3 1.21 
TH Maize NT 0-7.5 4 1.25 
F Maize NT 0-7.5 1 1.20 
F Maize NT 0-7.5 2 1.20 
F Maize NT 0-7.5 3 1.22 
F Maize NT 0-7.5 4 1.22 
T Maize CT 7.5-15 1 1.27 
T Maize CT 7.5-15 2 1.24 
T Maize CT 7.5-15 3 1.37 
T Maize CT 7.5-15 4 1.29 
TH Maize CT 7.5-15 1 1.24 
TH Maize CT 7.5-15 2 1.18 
TH Maize CT 7.5-15 3 1.20 
TH Maize CT 7.5-15 4 1.24 
F Maize CT 7.5-15 1 1.15 
F Maize CT 7.5-15 2 1.21 
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A 2.1     Cont’d 
 
 
 
  
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
F Maize CT 7.5-15 3 1.26 
F Maize CT 7.5-15 4 1.21 
T Maize NT 7.5-15 1 1.26 
T Maize NT 7.5-15 2 1.24 
T Maize NT 7.5-15 3 1.20 
T Maize NT 7.5-15 4 1.25 
TH Maize NT 7.5-15 1 1.27 
TH Maize NT 7.5-15 2 1.26 
TH Maize NT 7.5-15 3 1.24 
TH Maize NT 7.5-15 4 1.33 
F Maize NT 7.5-15 1 1.26 
F Maize NT 7.5-15 2 1.23 
F Maize NT 7.5-15 3 1.21 
F Maize NT 7.5-15 4 1.26 
 
 
A 2.2     Laboratory measurements for bulk density in fall 2015 of soybean phase under 
T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); F, 4-yr 
(maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in two depths (0-7.5, 
7.5-15 cm). 
 
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
T Soybean NT 0-7.5 1 1.27 
T Soybean NT 0-7.5 2 1.24 
T Soybean NT 0-7.5 3 1.24 
T Soybean NT 0-7.5 4 1.29 
TH Soybean NT 0-7.5 1 1.24 
TH Soybean NT 0-7.5 2 1.18 
TH Soybean NT 0-7.5 3 1.20 
TH Soybean NT 0-7.5 4 1.24 
F Soybean NT 0-7.5 1 1.15 
F Soybean NT 0-7.5 2 1.21 
F Soybean NT 0-7.5 3 1.20 
F Soybean NT 0-7.5 4 1.21 
T Soybean CT 0-7.5 1 1.26 
T Soybean CT 0-7.5 2 1.24 
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A 2.2     Cont’d 
 
  
  
Rotation Crop Phase Tillage Depth Replication Bulk Density 
   cm  Mg m -3 
T Soybean CT 0-7.5 3 1.20 
T Soybean CT 0-7.5 4 1.25 
TH Soybean CT 0-7.5 1 1.27 
TH Soybean CT 0-7.5 2 1.26 
TH Soybean CT 0-7.5 3 1.27 
TH Soybean CT 0-7.5 4 1.33 
F Soybean CT 0-7.5 1 1.26 
F Soybean CT 0-7.5 2 1.23 
F Soybean CT 0-7.5 3 1.21 
F Soybean CT 0-7.5 4 1.26 
T Soybean NT 7.5-15 1 1.35 
T Soybean NT 7.5-15 2 1.38 
T Soybean NT 7.5-15 3 1.36 
T Soybean NT 7.5-15 4 1.37 
TH Soybean NT 7.5-15 1 1.36 
TH Soybean NT 7.5-15 2 1.34 
TH Soybean NT 7.5-15 3 1.39 
TH Soybean NT 7.5-15 4 1.36 
F Soybean NT 7.5-15 1 1.33 
F Soybean NT 7.5-15 2 1.33 
F Soybean NT 7.5-15 3 1.34 
F Soybean NT 7.5-15 4 1.34 
T Soybean CT 7.5-15 1 1.39 
T Soybean CT 7.5-15 2 1.40 
T Soybean CT 7.5-15 3 1.39 
T Soybean CT 7.5-15 4 1.45 
TH Soybean CT 7.5-15 1 1.35 
TH Soybean CT 7.5-15 2 1.35 
TH Soybean CT 7.5-15 3 1.34 
TH Soybean CT 7.5-15 4 1.36 
F Soybean CT 7.5-15 1 1.34 
F Soybean CT 7.5-15 2 1.34 
F Soybean CT 7.5-15 3 1.35 
F Soybean CT 7.5-15 4 1.35 
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A 2.3     Laboratory measurements for water infiltration in summer 2015 of maize 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till. 
 
Rotation Crop Phase Tillage Depth Replication Water 
Infiltration  
   cm  mm h-1  
T Maize CT - 1 95 
T Maize CT - 2 105 
T Maize CT - 3 106 
T Maize CT - 4 73 
TH Maize CT - 1 144 
TH Maize CT - 2 148 
TH Maize CT - 3 94 
TH Maize CT - 4 190 
F Maize CT - 1 171 
F Maize CT - 2 169 
F Maize CT - 3 163 
F Maize CT - 4 174 
T Maize NT - 1 274 
T Maize NT - 2 232 
T Maize NT - 3 220 
T Maize NT - 4 202 
TH Maize NT - 1 256 
TH Maize NT - 2 262 
TH Maize NT - 3 217 
TH Maize NT - 4 315 
F Maize NT - 1 256 
F Maize NT - 2 285 
F Maize NT - 3 218 
F Maize NT - 4 264 
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A 2.4     Laboratory measurements for water infiltration in summer 2015 of soybean 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till  
 
Rotation Crop Phase Tillage Depth Replication Water 
Infiltration 
   cm  mm h-1 
T Soybean NT - 1 168 
T Soybean NT - 2 152 
T Soybean NT - 3 170 
T Soybean NT - 4 171 
TH Soybean NT - 1 181 
TH Soybean NT - 2 149 
TH Soybean NT - 3 180 
TH Soybean NT - 4 194 
F Soybean NT - 1 150 
F Soybean NT - 2 189 
F Soybean NT - 3 175 
F Soybean NT - 4 185 
T Soybean CT - 1 142 
T Soybean CT - 2 128 
T Soybean CT - 3 142 
T Soybean CT - 4 127 
TH Soybean CT - 1 130 
TH Soybean CT - 2 100 
TH Soybean CT - 3 72 
TH Soybean CT - 4 99 
F Soybean CT - 1 114 
F Soybean CT - 2 88 
F Soybean CT - 3 120 
F Soybean CT - 4 94 
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A 2.5     Laboratory measurements for soil water retention in summer 2015 of maize 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in depth (0-
7.5 cm) at different pressure. 
 
Rotation Crop Phase Tillage Depth Replication SWR at -0  
   cm  kPa 
T Maize CT 0-7.5 1 0.47 
T Maize CT 0-7.5 2 0.47 
T Maize CT 0-7.5 3 0.49 
T Maize CT 0-7.5 4 0.47 
TH Maize CT 0-7.5 1 0.46 
TH Maize CT 0-7.5 2 0.44 
TH Maize CT 0-7.5 3 0.47 
TH Maize CT 0-7.5 4 0.47 
F Maize CT 0-7.5 1 0.45 
F Maize CT 0-7.5 2 0.44 
F Maize CT 0-7.5 3 0.48 
F Maize CT 0-7.5 4 0.46 
T Maize NT 0-7.5 1 0.47 
T Maize NT 0-7.5 2 0.48 
T Maize NT 0-7.5 3 0.47 
T Maize NT 0-7.5 4 0.46 
TH Maize NT 0-7.5 1 0.43 
TH Maize NT 0-7.5 2 0.43 
TH Maize NT 0-7.5 3 0.43 
TH Maize NT 0-7.5 4 0.43 
F Maize NT 0-7.5 1 0.55 
F Maize NT 0-7.5 2 0.55 
F Maize NT 0-7.5 3 0.53 
F Maize NT 0-7.5 4 0.56 
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A 2.5     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -0.4  
   cm  kPa 
T Maize CT 0-7.5 1 0.44 
T Maize CT 0-7.5 2 0.44 
T Maize CT 0-7.5 3 0.47 
T Maize CT 0-7.5 4 0.42 
TH Maize CT 0-7.5 1 0.44 
TH Maize CT 0-7.5 2 0.42 
TH Maize CT 0-7.5 3 0.46 
TH Maize CT 0-7.5 4 0.45 
F Maize CT 0-7.5 1 0.43 
F Maize CT 0-7.5 2 0.43 
F Maize CT 0-7.5 3 0.47 
F Maize CT 0-7.5 4 0.44 
T Maize NT 0-7.5 1 0.44 
T Maize NT 0-7.5 2 0.47 
T Maize NT 0-7.5 3 0.45 
T Maize NT 0-7.5 4 0.43 
TH Maize NT 0-7.5 1 0.40 
TH Maize NT 0-7.5 2 0.42 
TH Maize NT 0-7.5 3 0.41 
TH Maize NT 0-7.5 4 0.41 
F Maize NT 0-7.5 1 0.51 
F Maize NT 0-7.5 2 0.52 
F Maize NT 0-7.5 3 0.50 
F Maize NT 0-7.5 4 0.54 
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A 2.5     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -1.0  
   cm  kPa 
T Maize CT 0-7.5 1 0.42 
T Maize CT 0-7.5 2 0.43 
T Maize CT 0-7.5 3 0.46 
T Maize CT 0-7.5 4 0.40 
TH Maize CT 0-7.5 1 0.43 
TH Maize CT 0-7.5 2 0.41 
TH Maize CT 0-7.5 3 0.45 
TH Maize CT 0-7.5 4 0.44 
F Maize CT 0-7.5 1 0.42 
F Maize CT 0-7.5 2 0.41 
F Maize CT 0-7.5 3 0.46 
F Maize CT 0-7.5 4 0.43 
T Maize NT 0-7.5 1 0.41 
T Maize NT 0-7.5 2 0.45 
T Maize NT 0-7.5 3 0.41 
T Maize NT 0-7.5 4 0.39 
TH Maize NT 0-7.5 1 0.38 
TH Maize NT 0-7.5 2 0.41 
TH Maize NT 0-7.5 3 0.40 
TH Maize NT 0-7.5 4 0.40 
F Maize NT 0-7.5 1 0.50 
F Maize NT 0-7.5 2 0.51 
F Maize NT 0-7.5 3 0.49 
F Maize NT 0-7.5 4 0.54 
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A 2.5     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -2.5  
   cm  kPa 
T Maize CT 0-7.5 1 0.40 
T Maize CT 0-7.5 2 0.41 
T Maize CT 0-7.5 3 0.46 
T Maize CT 0-7.5 4 0.37 
TH Maize CT 0-7.5 1 0.42 
TH Maize CT 0-7.5 2 0.40 
TH Maize CT 0-7.5 3 0.43 
TH Maize CT 0-7.5 4 0.42 
F Maize CT 0-7.5 1 0.41 
F Maize CT 0-7.5 2 0.40 
F Maize CT 0-7.5 3 0.43 
F Maize CT 0-7.5 4 0.41 
T Maize NT 0-7.5 1 0.37 
T Maize NT 0-7.5 2 0.43 
T Maize NT 0-7.5 3 0.39 
T Maize NT 0-7.5 4 0.36 
TH Maize NT 0-7.5 1 0.34 
TH Maize NT 0-7.5 2 0.39 
TH Maize NT 0-7.5 3 0.39 
TH Maize NT 0-7.5 4 0.38 
F Maize NT 0-7.5 1 0.45 
F Maize NT 0-7.5 2 0.48 
F Maize NT 0-7.5 3 0.47 
F Maize NT 0-7.5 4 0.53 
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A 2.5     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -5.0  
   cm  kPa 
T Maize CT 0-7.5 1 0.39 
T Maize CT 0-7.5 2 0.40 
T Maize CT 0-7.5 3 0.45 
T Maize CT 0-7.5 4 0.35 
TH Maize CT 0-7.5 1 0.39 
TH Maize CT 0-7.5 2 0.38 
TH Maize CT 0-7.5 3 0.41 
TH Maize CT 0-7.5 4 0.39 
F Maize CT 0-7.5 1 0.38 
F Maize CT 0-7.5 2 0.37 
F Maize CT 0-7.5 3 0.42 
F Maize CT 0-7.5 4 0.39 
T Maize NT 0-7.5 1 0.35 
T Maize NT 0-7.5 2 0.43 
T Maize NT 0-7.5 3 0.37 
T Maize NT 0-7.5 4 0.34 
TH Maize NT 0-7.5 1 0.32 
TH Maize NT 0-7.5 2 0.38 
TH Maize NT 0-7.5 3 0.38 
TH Maize NT 0-7.5 4 0.36 
F Maize NT 0-7.5 1 0.41 
F Maize NT 0-7.5 2 0.46 
F Maize NT 0-7.5 3 0.44 
F Maize NT 0-7.5 4 0.52 
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A 2.5     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -100  
   cm  kPa 
T Maize CT 0-7.5 1 0.37 
T Maize CT 0-7.5 2 0.38 
T Maize CT 0-7.5 3 0.45 
T Maize CT 0-7.5 4 0.33 
TH Maize CT 0-7.5 1 0.38 
TH Maize CT 0-7.5 2 0.37 
TH Maize CT 0-7.5 3 0.39 
TH Maize CT 0-7.5 4 0.36 
F Maize CT 0-7.5 1 0.37 
F Maize CT 0-7.5 2 0.36 
F Maize CT 0-7.5 3 0.41 
F Maize CT 0-7.5 4 0.38 
T Maize NT 0-7.5 1 0.34 
T Maize NT 0-7.5 2 0.42 
T Maize NT 0-7.5 3 0.36 
T Maize NT 0-7.5 4 0.33 
TH Maize NT 0-7.5 1 0.30 
TH Maize NT 0-7.5 2 0.36 
TH Maize NT 0-7.5 3 0.37 
TH Maize NT 0-7.5 4 0.34 
F Maize NT 0-7.5 1 0.39 
F Maize NT 0-7.5 2 0.44 
F Maize NT 0-7.5 3 0.42 
F Maize NT 0-7.5 4 0.51 
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A 2.5     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -300  
   cm  kPa 
T Maize CT 0-7.5 1 0.37 
T Maize CT 0-7.5 2 0.37 
T Maize CT 0-7.5 3 0.44 
T Maize CT 0-7.5 4 0.30 
TH Maize CT 0-7.5 1 0.36 
TH Maize CT 0-7.5 2 0.33 
TH Maize CT 0-7.5 3 0.39 
TH Maize CT 0-7.5 4 0.36 
F Maize CT 0-7.5 1 0.35 
F Maize CT 0-7.5 2 0.30 
F Maize CT 0-7.5 3 0.41 
F Maize CT 0-7.5 4 0.35 
T Maize NT 0-7.5 1 0.32 
T Maize NT 0-7.5 2 0.41 
T Maize NT 0-7.5 3 0.35 
T Maize NT 0-7.5 4 0.33 
TH Maize NT 0-7.5 1 0.23 
TH Maize NT 0-7.5 2 0.33 
TH Maize NT 0-7.5 3 0.33 
TH Maize NT 0-7.5 4 0.30 
F Maize NT 0-7.5 1 0.38 
F Maize NT 0-7.5 2 0.43 
F Maize NT 0-7.5 3 0.41 
F Maize NT 0-7.5 4 0.50 
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A 2.6     Laboratory measurements for soil water retention in summer 2015 of soybean 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in depth (0-
7.5 cm) at different pressure. 
 
Rotation Crop Phase Tillage Depth Replication SWR at -0  
   cm  kPa 
T Soybean NT 0-7.5 1 0.53 
T Soybean NT 0-7.5 2 0.51 
T Soybean NT 0-7.5 3 0.54 
T Soybean NT 0-7.5 4 0.53 
TH Soybean NT 0-7.5 1 0.49 
TH Soybean NT 0-7.5 2 0.48 
TH Soybean NT 0-7.5 3 0.40 
TH Soybean NT 0-7.5 4 0.46 
F Soybean NT 0-7.5 1 0.58 
F Soybean NT 0-7.5 2 0.57 
F Soybean NT 0-7.5 3 0.57 
F Soybean NT 0-7.5 4 0.56 
T Soybean CT 0-7.5 1 0.50 
T Soybean CT 0-7.5 2 0.48 
T Soybean CT 0-7.5 3 0.50 
T Soybean CT 0-7.5 4 0.49 
TH Soybean CT 0-7.5 1 0.53 
TH Soybean CT 0-7.5 2 0.57 
TH Soybean CT 0-7.5 3 0.51 
TH Soybean CT 0-7.5 4 0.52 
F Soybean CT 0-7.5 1 0.45 
F Soybean CT 0-7.5 2 0.44 
F Soybean CT 0-7.5 3 0.45 
F Soybean CT 0-7.5 4 0.46 
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A 2.6     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -0.4  
   cm  kPa 
T Soybean NT 0-7.5 1 0.52 
T Soybean NT 0-7.5 2 0.50 
T Soybean NT 0-7.5 3 0.53 
T Soybean NT 0-7.5 4 0.52 
TH Soybean NT 0-7.5 1 0.46 
TH Soybean NT 0-7.5 2 0.47 
TH Soybean NT 0-7.5 3 0.36 
TH Soybean NT 0-7.5 4 0.43 
F Soybean NT 0-7.5 1 0.57 
F Soybean NT 0-7.5 2 0.56 
F Soybean NT 0-7.5 3 0.56 
F Soybean NT 0-7.5 4 0.54 
T Soybean CT 0-7.5 1 0.49 
T Soybean CT 0-7.5 2 0.47 
T Soybean CT 0-7.5 3 0.48 
T Soybean CT 0-7.5 4 0.48 
TH Soybean CT 0-7.5 1 0.45 
TH Soybean CT 0-7.5 2 0.51 
TH Soybean CT 0-7.5 3 0.41 
TH Soybean CT 0-7.5 4 0.44 
F Soybean CT 0-7.5 1 0.44 
F Soybean CT 0-7.5 2 0.43 
F Soybean CT 0-7.5 3 0.43 
F Soybean CT 0-7.5 4 0.43 
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A 2.6     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -1.0  
   cm  kPa 
T Soybean NT 0-7.5 1 0.50 
T Soybean NT 0-7.5 2 0.47 
T Soybean NT 0-7.5 3 0.52 
T Soybean NT 0-7.5 4 0.51 
TH Soybean NT 0-7.5 1 0.43 
TH Soybean NT 0-7.5 2 0.44 
TH Soybean NT 0-7.5 3 0.35 
TH Soybean NT 0-7.5 4 0.41 
F Soybean NT 0-7.5 1 0.56 
F Soybean NT 0-7.5 2 0.55 
F Soybean NT 0-7.5 3 0.55 
F Soybean NT 0-7.5 4 0.54 
T Soybean CT 0-7.5 1 0.46 
T Soybean CT 0-7.5 2 0.45 
T Soybean CT 0-7.5 3 0.47 
T Soybean CT 0-7.5 4 0.46 
TH Soybean CT 0-7.5 1 0.42 
TH Soybean CT 0-7.5 2 0.48 
TH Soybean CT 0-7.5 3 0.37 
TH Soybean CT 0-7.5 4 0.41 
F Soybean CT 0-7.5 1 0.44 
F Soybean CT 0-7.5 2 0.42 
F Soybean CT 0-7.5 3 0.42 
F Soybean CT 0-7.5 4 0.42 
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A 2.6     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -2.5  
   cm  kPa 
T Soybean NT 0-7.5 1 0.49 
T Soybean NT 0-7.5 2 0.45 
T Soybean NT 0-7.5 3 0.51 
T Soybean NT 0-7.5 4 0.50 
TH Soybean NT 0-7.5 1 0.39 
TH Soybean NT 0-7.5 2 0.41 
TH Soybean NT 0-7.5 3 0.31 
TH Soybean NT 0-7.5 4 0.37 
F Soybean NT 0-7.5 1 0.56 
F Soybean NT 0-7.5 2 0.54 
F Soybean NT 0-7.5 3 0.53 
F Soybean NT 0-7.5 4 0.52 
T Soybean CT 0-7.5 1 0.41 
T Soybean CT 0-7.5 2 0.43 
T Soybean CT 0-7.5 3 0.45 
T Soybean CT 0-7.5 4 0.43 
TH Soybean CT 0-7.5 1 0.36 
TH Soybean CT 0-7.5 2 0.43 
TH Soybean CT 0-7.5 3 0.31 
TH Soybean CT 0-7.5 4 0.35 
F Soybean CT 0-7.5 1 0.43 
F Soybean CT 0-7.5 2 0.40 
F Soybean CT 0-7.5 3 0.40 
F Soybean CT 0-7.5 4 0.41 
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A 2.6     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -5.0  
   cm  kPa 
T Soybean NT 0-7.5 1 0.47 
T Soybean NT 0-7.5 2 0.42 
T Soybean NT 0-7.5 3 0.51 
T Soybean NT 0-7.5 4 0.48 
TH Soybean NT 0-7.5 1 0.36 
TH Soybean NT 0-7.5 2 0.39 
TH Soybean NT 0-7.5 3 0.29 
TH Soybean NT 0-7.5 4 0.35 
F Soybean NT 0-7.5 1 0.55 
F Soybean NT 0-7.5 2 0.52 
F Soybean NT 0-7.5 3 0.51 
F Soybean NT 0-7.5 4 0.51 
T Soybean CT 0-7.5 1 0.38 
T Soybean CT 0-7.5 2 0.40 
T Soybean CT 0-7.5 3 0.42 
T Soybean CT 0-7.5 4 0.40 
TH Soybean CT 0-7.5 1 0.33 
TH Soybean CT 0-7.5 2 0.40 
TH Soybean CT 0-7.5 3 0.28 
TH Soybean CT 0-7.5 4 0.30 
F Soybean CT 0-7.5 1 0.42 
F Soybean CT 0-7.5 2 0.39 
F Soybean CT 0-7.5 3 0.39 
F Soybean CT 0-7.5 4 0.39 
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A 2.6     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -100  
   cm  kPa 
T Soybean NT 0-7.5 1 0.45 
T Soybean NT 0-7.5 2 0.41 
T Soybean NT 0-7.5 3 0.50 
T Soybean NT 0-7.5 4 0.45 
TH Soybean NT 0-7.5 1 0.34 
TH Soybean NT 0-7.5 2 0.37 
TH Soybean NT 0-7.5 3 0.27 
TH Soybean NT 0-7.5 4 0.33 
F Soybean NT 0-7.5 1 0.54 
F Soybean NT 0-7.5 2 0.51 
F Soybean NT 0-7.5 3 0.49 
F Soybean NT 0-7.5 4 0.50 
T Soybean CT 0-7.5 1 0.37 
T Soybean CT 0-7.5 2 0.39 
T Soybean CT 0-7.5 3 0.40 
T Soybean CT 0-7.5 4 0.39 
TH Soybean CT 0-7.5 1 0.30 
TH Soybean CT 0-7.5 2 0.38 
TH Soybean CT 0-7.5 3 0.26 
TH Soybean CT 0-7.5 4 0.28 
F Soybean CT 0-7.5 1 0.42 
F Soybean CT 0-7.5 2 0.38 
F Soybean CT 0-7.5 3 0.39 
F Soybean CT 0-7.5 4 0.38 
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A 2.6     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -300  
   cm  kPa 
T Soybean NT 0-7.5 1 0.42 
T Soybean NT 0-7.5 2 0.37 
T Soybean NT 0-7.5 3 0.50 
T Soybean NT 0-7.5 4 0.40 
TH Soybean NT 0-7.5 1 0.30 
TH Soybean NT 0-7.5 2 0.30 
TH Soybean NT 0-7.5 3 0.25 
TH Soybean NT 0-7.5 4 0.28 
F Soybean NT 0-7.5 1 0.52 
F Soybean NT 0-7.5 2 0.48 
F Soybean NT 0-7.5 3 0.44 
F Soybean NT 0-7.5 4 0.48 
T Soybean CT 0-7.5 1 0.36 
T Soybean CT 0-7.5 2 0.37 
T Soybean CT 0-7.5 3 0.40 
T Soybean CT 0-7.5 4 0.38 
TH Soybean CT 0-7.5 1 0.27 
TH Soybean CT 0-7.5 2 0.35 
TH Soybean CT 0-7.5 3 0.23 
TH Soybean CT 0-7.5 4 0.24 
F Soybean CT 0-7.5 1 0.42 
F Soybean CT 0-7.5 2 0.37 
F Soybean CT 0-7.5 3 0.37 
F Soybean CT 0-7.5 4 0.37 
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A 2.7     Laboratory measurements for soil water retention in summer 2015 of maize 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in depth (7.5-
15cm) at different pressure. 
 
Rotation Crop Phase Tillage Depth Replication SWR at -0  
   cm  kPa 
T Maize CT 7.5-15 1 0.42 
T Maize CT 7.5-15 2 0.42 
T Maize CT 7.5-15 3 0.41 
T Maize CT 7.5-15 4 0.44 
TH Maize CT 7.5-15 1 0.39 
TH Maize CT 7.5-15 2 0.36 
TH Maize CT 7.5-15 3 0.37 
TH Maize CT 7.5-15 4 0.37 
F Maize CT 7.5-15 1 0.45 
F Maize CT 7.5-15 2 0.44 
F Maize CT 7.5-15 3 0.46 
F Maize CT 7.5-15 4 0.43 
T Maize NT 7.5-15 1 0.46 
T Maize NT 7.5-15 2 0.46 
T Maize NT 7.5-15 3 0.50 
T Maize NT 7.5-15 4 0.47 
TH Maize NT 7.5-15 1 0.45 
TH Maize NT 7.5-15 2 0.47 
TH Maize NT 7.5-15 3 0.50 
TH Maize NT 7.5-15 4 0.46 
F Maize NT 7.5-15 1 0.49 
F Maize NT 7.5-15 2 0.49 
F Maize NT 7.5-15 3 0.48 
F Maize NT 7.5-15 4 0.49 
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A 2.7     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -0.4  
   cm  kPa 
T Maize CT 7.5-15 1 0.41 
T Maize CT 7.5-15 2 0.41 
T Maize CT 7.5-15 3 0.40 
T Maize CT 7.5-15 4 0.43 
TH Maize CT 7.5-15 1 0.37 
TH Maize CT 7.5-15 2 0.33 
TH Maize CT 7.5-15 3 0.35 
TH Maize CT 7.5-15 4 0.35 
F Maize CT 7.5-15 1 0.43 
F Maize CT 7.5-15 2 0.43 
F Maize CT 7.5-15 3 0.44 
F Maize CT 7.5-15 4 0.42 
T Maize NT 7.5-15 1 0.45 
T Maize NT 7.5-15 2 0.45 
T Maize NT 7.5-15 3 0.49 
T Maize NT 7.5-15 4 0.46 
TH Maize NT 7.5-15 1 0.43 
TH Maize NT 7.5-15 2 0.45 
TH Maize NT 7.5-15 3 0.49 
TH Maize NT 7.5-15 4 0.45 
F Maize NT 7.5-15 1 0.47 
F Maize NT 7.5-15 2 0.47 
F Maize NT 7.5-15 3 0.46 
F Maize NT 7.5-15 4 0.48 
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A 2.7     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -1.0  
   cm  kPa 
T Maize CT 7.5-15 1 0.38 
T Maize CT 7.5-15 2 0.39 
T Maize CT 7.5-15 3 0.37 
T Maize CT 7.5-15 4 0.41 
TH Maize CT 7.5-15 1 0.34 
TH Maize CT 7.5-15 2 0.28 
TH Maize CT 7.5-15 3 0.32 
TH Maize CT 7.5-15 4 0.31 
F Maize CT 7.5-15 1 0.41 
F Maize CT 7.5-15 2 0.41 
F Maize CT 7.5-15 3 0.42 
F Maize CT 7.5-15 4 0.40 
T Maize NT 7.5-15 1 0.44 
T Maize NT 7.5-15 2 0.44 
T Maize NT 7.5-15 3 0.48 
T Maize NT 7.5-15 4 0.45 
TH Maize NT 7.5-15 1 0.42 
TH Maize NT 7.5-15 2 0.45 
TH Maize NT 7.5-15 3 0.48 
TH Maize NT 7.5-15 4 0.44 
F Maize NT 7.5-15 1 0.46 
F Maize NT 7.5-15 2 0.46 
F Maize NT 7.5-15 3 0.45 
F Maize NT 7.5-15 4 0.47 
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A 2.7     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -2.5  
   cm  kPa 
T Maize CT 7.5-15 1 0.37 
T Maize CT 7.5-15 2 0.37 
T Maize CT 7.5-15 3 0.35 
T Maize CT 7.5-15 4 0.39 
TH Maize CT 7.5-15 1 0.31 
TH Maize CT 7.5-15 2 0.24 
TH Maize CT 7.5-15 3 0.28 
TH Maize CT 7.5-15 4 0.28 
F Maize CT 7.5-15 1 0.37 
F Maize CT 7.5-15 2 0.38 
F Maize CT 7.5-15 3 0.38 
F Maize CT 7.5-15 4 0.35 
T Maize NT 7.5-15 1 0.43 
T Maize NT 7.5-15 2 0.43 
T Maize NT 7.5-15 3 0.47 
T Maize NT 7.5-15 4 0.44 
TH Maize NT 7.5-15 1 0.40 
TH Maize NT 7.5-15 2 0.43 
TH Maize NT 7.5-15 3 0.46 
TH Maize NT 7.5-15 4 0.42 
F Maize NT 7.5-15 1 0.45 
F Maize NT 7.5-15 2 0.45 
F Maize NT 7.5-15 3 0.44 
F Maize NT 7.5-15 4 0.45 
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A 2.7     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -5.0  
   cm  kPa 
T Maize CT 7.5-15 1 0.36 
T Maize CT 7.5-15 2 0.36 
T Maize CT 7.5-15 3 0.34 
T Maize CT 7.5-15 4 0.38 
TH Maize CT 7.5-15 1 0.28 
TH Maize CT 7.5-15 2 0.20 
TH Maize CT 7.5-15 3 0.25 
TH Maize CT 7.5-15 4 0.24 
F Maize CT 7.5-15 1 0.34 
F Maize CT 7.5-15 2 0.36 
F Maize CT 7.5-15 3 0.35 
F Maize CT 7.5-15 4 0.32 
T Maize NT 7.5-15 1 0.42 
T Maize NT 7.5-15 2 0.42 
T Maize NT 7.5-15 3 0.46 
T Maize NT 7.5-15 4 0.44 
TH Maize NT 7.5-15 1 0.38 
TH Maize NT 7.5-15 2 0.41 
TH Maize NT 7.5-15 3 0.45 
TH Maize NT 7.5-15 4 0.41 
F Maize NT 7.5-15 1 0.44 
F Maize NT 7.5-15 2 0.45 
F Maize NT 7.5-15 3 0.43 
F Maize NT 7.5-15 4 0.44 
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A 2.7     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -100  
   cm  kPa 
T Maize CT 7.5-15 1 0.35 
T Maize CT 7.5-15 2 0.35 
T Maize CT 7.5-15 3 0.32 
T Maize CT 7.5-15 4 0.38 
TH Maize CT 7.5-15 1 0.26 
TH Maize CT 7.5-15 2 0.19 
TH Maize CT 7.5-15 3 0.24 
TH Maize CT 7.5-15 4 0.23 
F Maize CT 7.5-15 1 0.32 
F Maize CT 7.5-15 2 0.33 
F Maize CT 7.5-15 3 0.33 
F Maize CT 7.5-15 4 0.30 
T Maize NT 7.5-15 1 0.41 
T Maize NT 7.5-15 2 0.42 
T Maize NT 7.5-15 3 0.46 
T Maize NT 7.5-15 4 0.43 
TH Maize NT 7.5-15 1 0.36 
TH Maize NT 7.5-15 2 0.40 
TH Maize NT 7.5-15 3 0.43 
TH Maize NT 7.5-15 4 0.40 
F Maize NT 7.5-15 1 0.43 
F Maize NT 7.5-15 2 0.44 
F Maize NT 7.5-15 3 0.43 
F Maize NT 7.5-15 4 0.43 
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A 2.7     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -300  
   cm  kPa 
T Maize CT 7.5-15 1 0.33 
T Maize CT 7.5-15 2 0.32 
T Maize CT 7.5-15 3 0.27 
T Maize CT 7.5-15 4 0.34 
TH Maize CT 7.5-15 1 0.24 
TH Maize CT 7.5-15 2 0.18 
TH Maize CT 7.5-15 3 0.19 
TH Maize CT 7.5-15 4 0.20 
F Maize CT 7.5-15 1 0.26 
F Maize CT 7.5-15 2 0.25 
F Maize CT 7.5-15 3 0.29 
F Maize CT 7.5-15 4 0.26 
T Maize NT 7.5-15 1 0.41 
T Maize NT 7.5-15 2 0.40 
T Maize NT 7.5-15 3 0.44 
T Maize NT 7.5-15 4 0.42 
TH Maize NT 7.5-15 1 0.36 
TH Maize NT 7.5-15 2 0.39 
TH Maize NT 7.5-15 3 0.42 
TH Maize NT 7.5-15 4 0.38 
F Maize NT 7.5-15 1 0.42 
F Maize NT 7.5-15 2 0.42 
F Maize NT 7.5-15 3 0.41 
F Maize NT 7.5-15 4 0.42 
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A 2.8     Laboratory measurements for soil water retention in summer 2015 of soybean 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in depth (7.5-
15cm) at different pressure. 
 
Rotation Crop Phase Tillage Depth Replication SWR at -0  
   cm  kPa 
T Soybean NT 7.5-15 1 0.47 
T Soybean NT 7.5-15 2 0.48 
T Soybean NT 7.5-15 3 0.47 
T Soybean NT 7.5-15 4 0.46 
TH Soybean NT 7.5-15 1 0.43 
TH Soybean NT 7.5-15 2 0.44 
TH Soybean NT 7.5-15 3 0.44 
TH Soybean NT 7.5-15 4 0.44 
F Soybean NT 7.5-15 1 0.49 
F Soybean NT 7.5-15 2 0.48 
F Soybean NT 7.5-15 3 0.47 
F Soybean NT 7.5-15 4 0.48 
T Soybean CT 7.5-15 1 0.43 
T Soybean CT 7.5-15 2 0.46 
T Soybean CT 7.5-15 3 0.41 
T Soybean CT 7.5-15 4 0.43 
TH Soybean CT 7.5-15 1 0.42 
TH Soybean CT 7.5-15 2 0.45 
TH Soybean CT 7.5-15 3 0.46 
TH Soybean CT 7.5-15 4 0.48 
F Soybean CT 7.5-15 1 0.34 
F Soybean CT 7.5-15 2 0.38 
F Soybean CT 7.5-15 3 0.41 
F Soybean CT 7.5-15 4 0.38 
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A 2.8     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -0.4  
   cm  kPa 
T Soybean NT 7.5-15 1 0.46 
T Soybean NT 7.5-15 2 0.48 
T Soybean NT 7.5-15 3 0.46 
T Soybean NT 7.5-15 4 0.45 
TH Soybean NT 7.5-15 1 0.41 
TH Soybean NT 7.5-15 2 0.42 
TH Soybean NT 7.5-15 3 0.43 
TH Soybean NT 7.5-15 4 0.42 
F Soybean NT 7.5-15 1 0.48 
F Soybean NT 7.5-15 2 0.46 
F Soybean NT 7.5-15 3 0.46 
F Soybean NT 7.5-15 4 0.47 
T Soybean CT 7.5-15 1 0.42 
T Soybean CT 7.5-15 2 0.44 
T Soybean CT 7.5-15 3 0.40 
T Soybean CT 7.5-15 4 0.42 
TH Soybean CT 7.5-15 1 0.39 
TH Soybean CT 7.5-15 2 0.43 
TH Soybean CT 7.5-15 3 0.44 
TH Soybean CT 7.5-15 4 0.46 
F Soybean CT 7.5-15 1 0.30 
F Soybean CT 7.5-15 2 0.35 
F Soybean CT 7.5-15 3 0.39 
F Soybean CT 7.5-15 4 0.37 
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A 2.8     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -1.0  
   cm  kPa 
T Soybean NT 7.5-15 1 0.45 
T Soybean NT 7.5-15 2 0.47 
T Soybean NT 7.5-15 3 0.44 
T Soybean NT 7.5-15 4 0.43 
TH Soybean NT 7.5-15 1 0.40 
TH Soybean NT 7.5-15 2 0.41 
TH Soybean NT 7.5-15 3 0.42 
TH Soybean NT 7.5-15 4 0.41 
F Soybean NT 7.5-15 1 0.47 
F Soybean NT 7.5-15 2 0.45 
F Soybean NT 7.5-15 3 0.44 
F Soybean NT 7.5-15 4 0.46 
T Soybean CT 7.5-15 1 0.40 
T Soybean CT 7.5-15 2 0.43 
T Soybean CT 7.5-15 3 0.38 
T Soybean CT 7.5-15 4 0.40 
TH Soybean CT 7.5-15 1 0.37 
TH Soybean CT 7.5-15 2 0.41 
TH Soybean CT 7.5-15 3 0.42 
TH Soybean CT 7.5-15 4 0.45 
F Soybean CT 7.5-15 1 0.25 
F Soybean CT 7.5-15 2 0.31 
F Soybean CT 7.5-15 3 0.38 
F Soybean CT 7.5-15 4 0.30 
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A 2.8     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -2.5  
   cm  kPa 
T Soybean NT 7.5-15 1 0.43 
T Soybean NT 7.5-15 2 0.46 
T Soybean NT 7.5-15 3 0.43 
T Soybean NT 7.5-15 4 0.41 
TH Soybean NT 7.5-15 1 0.39 
TH Soybean NT 7.5-15 2 0.40 
TH Soybean NT 7.5-15 3 0.41 
TH Soybean NT 7.5-15 4 0.40 
F Soybean NT 7.5-15 1 0.46 
F Soybean NT 7.5-15 2 0.43 
F Soybean NT 7.5-15 3 0.43 
F Soybean NT 7.5-15 4 0.45 
T Soybean CT 7.5-15 1 0.39 
T Soybean CT 7.5-15 2 0.41 
T Soybean CT 7.5-15 3 0.37 
T Soybean CT 7.5-15 4 0.39 
TH Soybean CT 7.5-15 1 0.27 
TH Soybean CT 7.5-15 2 0.36 
TH Soybean CT 7.5-15 3 0.38 
TH Soybean CT 7.5-15 4 0.43 
F Soybean CT 7.5-15 1 0.20 
F Soybean CT 7.5-15 2 0.27 
F Soybean CT 7.5-15 3 0.36 
F Soybean CT 7.5-15 4 0.26 
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A 2.8     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -5.0  
   cm  kPa 
T Soybean NT 7.5-15 1 0.42 
T Soybean NT 7.5-15 2 0.46 
T Soybean NT 7.5-15 3 0.41 
T Soybean NT 7.5-15 4 0.38 
TH Soybean NT 7.5-15 1 0.38 
TH Soybean NT 7.5-15 2 0.40 
TH Soybean NT 7.5-15 3 0.40 
TH Soybean NT 7.5-15 4 0.39 
F Soybean NT 7.5-15 1 0.46 
F Soybean NT 7.5-15 2 0.42 
F Soybean NT 7.5-15 3 0.41 
F Soybean NT 7.5-15 4 0.43 
T Soybean CT 7.5-15 1 0.38 
T Soybean CT 7.5-15 2 0.40 
T Soybean CT 7.5-15 3 0.35 
T Soybean CT 7.5-15 4 0.38 
TH Soybean CT 7.5-15 1 0.22 
TH Soybean CT 7.5-15 2 0.32 
TH Soybean CT 7.5-15 3 0.34 
TH Soybean CT 7.5-15 4 0.40 
F Soybean CT 7.5-15 1 0.16 
F Soybean CT 7.5-15 2 0.24 
F Soybean CT 7.5-15 3 0.34 
F Soybean CT 7.5-15 4 0.22 
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A 2.8     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -100 
   cm  kPa 
T Soybean NT 7.5-15 1 0.40 
T Soybean NT 7.5-15 2 0.45 
T Soybean NT 7.5-15 3 0.40 
T Soybean NT 7.5-15 4 0.36 
TH Soybean NT 7.5-15 1 0.37 
TH Soybean NT 7.5-15 2 0.39 
TH Soybean NT 7.5-15 3 0.39 
TH Soybean NT 7.5-15 4 0.38 
F Soybean NT 7.5-15 1 0.45 
F Soybean NT 7.5-15 2 0.41 
F Soybean NT 7.5-15 3 0.40 
F Soybean NT 7.5-15 4 0.42 
T Soybean CT 7.5-15 1 0.37 
T Soybean CT 7.5-15 2 0.39 
T Soybean CT 7.5-15 3 0.34 
T Soybean CT 7.5-15 4 0.37 
TH Soybean CT 7.5-15 1 0.18 
TH Soybean CT 7.5-15 2 0.29 
TH Soybean CT 7.5-15 3 0.30 
TH Soybean CT 7.5-15 4 0.38 
F Soybean CT 7.5-15 1 0.13 
F Soybean CT 7.5-15 2 0.22 
F Soybean CT 7.5-15 3 0.33 
F Soybean CT 7.5-15 4 0.20 
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A 2.8     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication SWR at -300  
   cm  kPa 
T Soybean NT 7.5-15 1 0.39 
T Soybean NT 7.5-15 2 0.45 
T Soybean NT 7.5-15 3 0.37 
T Soybean NT 7.5-15 4 0.36 
TH Soybean NT 7.5-15 1 0.33 
TH Soybean NT 7.5-15 2 0.35 
TH Soybean NT 7.5-15 3 0.35 
TH Soybean NT 7.5-15 4 0.34 
F Soybean NT 7.5-15 1 0.42 
F Soybean NT 7.5-15 2 0.40 
F Soybean NT 7.5-15 3 0.39 
F Soybean NT 7.5-15 4 0.40 
T Soybean CT 7.5-15 1 0.31 
T Soybean CT 7.5-15 2 0.38 
T Soybean CT 7.5-15 3 0.32 
T Soybean CT 7.5-15 4 0.34 
TH Soybean CT 7.5-15 1 0.13 
TH Soybean CT 7.5-15 2 0.25 
TH Soybean CT 7.5-15 3 0.25 
TH Soybean CT 7.5-15 4 0.35 
F Soybean CT 7.5-15 1 0.06 
F Soybean CT 7.5-15 2 0.17 
F Soybean CT 7.5-15 3 0.27 
F Soybean CT 7.5-15 4 0.19 
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A 2.9     Laboratory measurements for pore size distribution in fall 2015 of maize 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in depth (0-
7.5 cm). 
 
Rotation Crop Phase Tillage Depth Replication Macropores 
   cm  m3m-3 
T Maize CT 0-7.5 1 0.03 
T Maize CT 0-7.5 2 0.03 
T Maize CT 0-7.5 3 0.02 
T Maize CT 0-7.5 4 0.05 
TH Maize CT 0-7.5 1 0.02 
TH Maize CT 0-7.5 2 0.02 
TH Maize CT 0-7.5 3 0.02 
TH Maize CT 0-7.5 4 0.02 
F Maize CT 0-7.5 1 0.01 
F Maize CT 0-7.5 2 0.01 
F Maize CT 0-7.5 3 0.02 
F Maize CT 0-7.5 4 0.01 
T Maize NT 0-7.5 1 0.02 
T Maize NT 0-7.5 2 0.01 
T Maize NT 0-7.5 3 0.02 
T Maize NT 0-7.5 4 0.03 
TH Maize NT 0-7.5 1 0.03 
TH Maize NT 0-7.5 2 0.01 
TH Maize NT 0-7.5 3 0.02 
TH Maize NT 0-7.5 4 0.02 
F Maize NT 0-7.5 1 0.03 
F Maize NT 0-7.5 2 0.03 
F Maize NT 0-7.5 3 0.03 
F Maize NT 0-7.5 4 0.02 
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A 2.9     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication  Coarse 
Mesopores 
   cm  m3m-3 
T Maize CT 0-7.5 1 0.05 
T Maize CT 0-7.5 2 0.05 
T Maize CT 0-7.5 3 0.02 
T Maize CT 0-7.5 4 0.07 
TH Maize CT 0-7.5 1 0.10 
TH Maize CT 0-7.5 2 0.13 
TH Maize CT 0-7.5 3 0.10 
TH Maize CT 0-7.5 4 0.11 
F Maize CT 0-7.5 1 0.09 
F Maize CT 0-7.5 2 0.07 
F Maize CT 0-7.5 3 0.09 
F Maize CT 0-7.5 4 0.10 
T Maize NT 0-7.5 1 0.10 
T Maize NT 0-7.5 2 0.04 
T Maize NT 0-7.5 3 0.08 
T Maize NT 0-7.5 4 0.09 
TH Maize NT 0-7.5 1 0.09 
TH Maize NT 0-7.5 2 0.05 
TH Maize NT 0-7.5 3 0.03 
TH Maize NT 0-7.5 4 0.06 
F Maize NT 0-7.5 1 0.10 
F Maize NT 0-7.5 2 0.06 
F Maize NT 0-7.5 3 0.06 
F Maize NT 0-7.5 4 0.02 
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A 2.9     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication Fine 
Mesopores 
   cm   
m3m-3 
T Maize CT 0-7.5 1 0.02 
T Maize CT 0-7.5 2 0.03 
T Maize CT 0-7.5 3 0.01 
T Maize CT 0-7.5 4 0.05 
TH Maize CT 0-7.5 1 0.04 
TH Maize CT 0-7.5 2 0.02 
TH Maize CT 0-7.5 3 0.06 
TH Maize CT 0-7.5 4 0.04 
F Maize CT 0-7.5 1 0.08 
F Maize CT 0-7.5 2 0.11 
F Maize CT 0-7.5 3 0.06 
F Maize CT 0-7.5 4 0.06 
T Maize NT 0-7.5 1 0.03 
T Maize NT 0-7.5 2 0.01 
T Maize NT 0-7.5 3 0.02 
T Maize NT 0-7.5 4 0.02 
TH Maize NT 0-7.5 1 0.08 
TH Maize NT 0-7.5 2 0.05 
TH Maize NT 0-7.5 3 0.05 
TH Maize NT 0-7.5 4 0.06 
F Maize NT 0-7.5 1 0.03 
F Maize NT 0-7.5 2 0.02 
F Maize NT 0-7.5 3 0.02 
F Maize NT 0-7.5 4 0.01 
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A 2.9     Cont’d 
 
    
Rotation Crop Phase Tillage Depth Replication Micropores 
   cm  m3m-3 
T Maize CT 0-7.5 1 0.36 
T Maize CT 0-7.5 2 0.36 
T Maize CT 0-7.5 3 0.43 
T Maize CT 0-7.5 4 0.29 
TH Maize CT 0-7.5 1 0.23 
TH Maize CT 0-7.5 2 0.18 
TH Maize CT 0-7.5 3 0.18 
TH Maize CT 0-7.5 4 0.20 
F Maize CT 0-7.5 1 0.26 
F Maize CT 0-7.5 2 0.24 
F Maize CT 0-7.5 3 0.28 
F Maize CT 0-7.5 4 0.25 
T Maize NT 0-7.5 1 0.31 
T Maize NT 0-7.5 2 0.41 
T Maize NT 0-7.5 3 0.35 
T Maize NT 0-7.5 4 0.32 
TH Maize NT 0-7.5 1 0.23 
TH Maize NT 0-7.5 2 0.32 
TH Maize NT 0-7.5 3 0.33 
TH Maize NT 0-7.5 4 0.29 
F Maize NT 0-7.5 1 0.38 
F Maize NT 0-7.5 2 0.43 
F Maize NT 0-7.5 3 0.41 
F Maize NT 0-7.5 4 0.50 
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A 2.10     Laboratory measurements for pore size distribution in fall 2015 of soybean 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in depth (0-
7.5 cm). 
 
Rotation Crop Phase Tillage Depth Replication Macropores 
   cm   
m3m-3 
T Soybean NT 0-7.5 1 0.01 
T Soybean NT 0-7.5 2 0.02 
T Soybean NT 0-7.5 3 0.01 
T Soybean NT 0-7.5 4 0.01 
TH Soybean NT 0-7.5 1 0.03 
TH Soybean NT 0-7.5 2 0.01 
TH Soybean NT 0-7.5 3 0.04 
TH Soybean NT 0-7.5 4 0.03 
F Soybean NT 0-7.5 1 0.01 
F Soybean NT 0-7.5 2 0.01 
F Soybean NT 0-7.5 3 0.01 
F Soybean NT 0-7.5 4 0.01 
T Soybean CT 0-7.5 1 0.01 
T Soybean CT 0-7.5 2 0.01 
T Soybean CT 0-7.5 3 0.02 
T Soybean CT 0-7.5 4 0.01 
TH Soybean CT 0-7.5 1 0.03 
TH Soybean CT 0-7.5 2 0.02 
TH Soybean CT 0-7.5 3 0.02 
TH Soybean CT 0-7.5 4 0.01 
F Soybean CT 0-7.5 1 0.04 
F Soybean CT 0-7.5 2 0.02 
F Soybean CT 0-7.5 3 0.02 
F Soybean CT 0-7.5 4 0.02 
 
 
 
 
 
 
 
 
 
184 
 
 
 
A 2.10     Cont’d 
 
    
    
Rotation Crop Phase Tillage Depth Replication  Coarse 
Mesopores 
   cm  m3m-3 
T Soybean NT 0-7.5 1 0.05 
T Soybean NT 0-7.5 2 0.07 
T Soybean NT 0-7.5 3 0.02 
T Soybean NT 0-7.5 4 0.05 
TH Soybean NT 0-7.5 1 0.11 
TH Soybean NT 0-7.5 2 0.08 
TH Soybean NT 0-7.5 3 0.07 
TH Soybean NT 0-7.5 4 0.09 
F Soybean NT 0-7.5 1 0.02 
F Soybean NT 0-7.5 2 0.03 
F Soybean NT 0-7.5 3 0.05 
F Soybean NT 0-7.5 4 0.03 
T Soybean CT 0-7.5 1 0.10 
T Soybean CT 0-7.5 2 0.06 
T Soybean CT 0-7.5 3 0.06 
T Soybean CT 0-7.5 4 0.07 
TH Soybean CT 0-7.5 1 0.17 
TH Soybean CT 0-7.5 2 0.11 
TH Soybean CT 0-7.5 3 0.10 
TH Soybean CT 0-7.5 4 0.06 
F Soybean CT 0-7.5 1 0.15 
F Soybean CT 0-7.5 2 0.11 
F Soybean CT 0-7.5 3 0.05 
F Soybean CT 0-7.5 4 0.14 
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A 2.10     Cont’d 
 
    
    
Rotation Crop Phase Tillage Depth Replication Fine 
Mesopores 
   cm   
m3m-3 
T Soybean NT 0-7.5 1 0.05 
T Soybean NT 0-7.5 2 0.05 
T Soybean NT 0-7.5 3 0.01 
T Soybean NT 0-7.5 4 0.08 
TH Soybean NT 0-7.5 1 0.06 
TH Soybean NT 0-7.5 2 0.09 
TH Soybean NT 0-7.5 3 0.04 
TH Soybean NT 0-7.5 4 0.06 
F Soybean NT 0-7.5 1 0.02 
F Soybean NT 0-7.5 2 0.04 
F Soybean NT 0-7.5 3 0.07 
F Soybean NT 0-7.5 4 0.03 
T Soybean CT 0-7.5 1 0.02 
T Soybean CT 0-7.5 2 0.04 
T Soybean CT 0-7.5 3 0.02 
T Soybean CT 0-7.5 4 0.03 
TH Soybean CT 0-7.5 1 0.09 
TH Soybean CT 0-7.5 2 0.08 
TH Soybean CT 0-7.5 3 0.09 
TH Soybean CT 0-7.5 4 0.05 
F Soybean CT 0-7.5 1 0.10 
F Soybean CT 0-7.5 2 0.07 
F Soybean CT 0-7.5 3 0.07 
F Soybean CT 0-7.5 4 0.03 
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A 2.10     Cont’d 
 
    
    
Rotation Crop Phase Tillage Depth Replication Micropores 
   cm   
m3m-3 
T Soybean NT 0-7.5 1 0.42 
T Soybean NT 0-7.5 2 0.37 
T Soybean NT 0-7.5 3 0.49 
T Soybean NT 0-7.5 4 0.40 
TH Soybean NT 0-7.5 1 0.29 
TH Soybean NT 0-7.5 2 0.29 
TH Soybean NT 0-7.5 3 0.25 
TH Soybean NT 0-7.5 4 0.28 
F Soybean NT 0-7.5 1 0.51 
F Soybean NT 0-7.5 2 0.47 
F Soybean NT 0-7.5 3 0.44 
F Soybean NT 0-7.5 4 0.47 
T Soybean CT 0-7.5 1 0.36 
T Soybean CT 0-7.5 2 0.36 
T Soybean CT 0-7.5 3 0.40 
T Soybean CT 0-7.5 4 0.37 
TH Soybean CT 0-7.5 1 0.13 
TH Soybean CT 0-7.5 2 0.24 
TH Soybean CT 0-7.5 3 0.25 
TH Soybean CT 0-7.5 4 0.35 
F Soybean CT 0-7.5 1 0.02 
F Soybean CT 0-7.5 2 0.14 
F Soybean CT 0-7.5 3 0.26 
F Soybean CT 0-7.5 4 0.13 
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A 2.11     Laboratory measurements for pore size distribution in fall 2015 of maize 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in depth (7.5-
15 cm). 
 
Rotation Crop Phase Tillage Depth Replication Macropores 
   cm   
m3m-3 
T Maize CT 7.5-15 1 0.01 
T Maize CT 7.5-15 2 0.01 
T Maize CT 7.5-15 3 0.01 
T Maize CT 7.5-15 4 0.01 
TH Maize CT 7.5-15 1 0.02 
TH Maize CT 7.5-15 2 0.02 
TH Maize CT 7.5-15 3 0.02 
TH Maize CT 7.5-15 4 0.02 
F Maize CT 7.5-15 1 0.01 
F Maize CT 7.5-15 2 0.01 
F Maize CT 7.5-15 3 0.01 
F Maize CT 7.5-15 4 0.01 
T Maize NT 7.5-15 1 0.01 
T Maize NT 7.5-15 2 0.01 
T Maize NT 7.5-15 3 0.01 
T Maize NT 7.5-15 4 0.01 
TH Maize NT 7.5-15 1 0.02 
TH Maize NT 7.5-15 2 0.01 
TH Maize NT 7.5-15 3 0.01 
TH Maize NT 7.5-15 4 0.01 
F Maize NT 7.5-15 1 0.01 
F Maize NT 7.5-15 2 0.02 
F Maize NT 7.5-15 3 0.01 
F Maize NT 7.5-15 4 0.01 
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A 2.11     Cont’d 
 
    
    
Rotation Crop Phase Tillage Depth Replication  Coarse 
Mesopores 
   cm   
m3m-3 
T Maize CT 7.5-15 1 0.04 
T Maize CT 7.5-15 2 0.04 
T Maize CT 7.5-15 3 0.05 
T Maize CT 7.5-15 4 0.04 
TH Maize CT 7.5-15 1 0.05 
TH Maize CT 7.5-15 2 0.03 
TH Maize CT 7.5-15 3 0.05 
TH Maize CT 7.5-15 4 0.06 
F Maize CT 7.5-15 1 0.05 
F Maize CT 7.5-15 2 0.05 
F Maize CT 7.5-15 3 0.04 
F Maize CT 7.5-15 4 0.05 
T Maize NT 7.5-15 1 0.03 
T Maize NT 7.5-15 2 0.02 
T Maize NT 7.5-15 3 0.02 
T Maize NT 7.5-15 4 0.02 
TH Maize NT 7.5-15 1 0.04 
TH Maize NT 7.5-15 2 0.04 
TH Maize NT 7.5-15 3 0.03 
TH Maize NT 7.5-15 4 0.03 
F Maize NT 7.5-15 1 0.03 
F Maize NT 7.5-15 2 0.02 
F Maize NT 7.5-15 3 0.02 
F Maize NT 7.5-15 4 0.04 
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A 2.11     Cont’d 
 
    
    
Rotation Crop Phase Tillage Depth Replication Fine 
Mesopores 
   cm   
m3m-3 
T Maize CT 7.5-15 1 0.02 
T Maize CT 7.5-15 2 0.05 
T Maize CT 7.5-15 3 0.07 
T Maize CT 7.5-15 4 0.04 
TH Maize CT 7.5-15 1 0.03 
TH Maize CT 7.5-15 2 0.05 
TH Maize CT 7.5-15 3 0.02 
TH Maize CT 7.5-15 4 0.03 
F Maize CT 7.5-15 1 0.03 
F Maize CT 7.5-15 2 0.07 
F Maize CT 7.5-15 3 0.02 
F Maize CT 7.5-15 4 0.04 
T Maize NT 7.5-15 1 0.01 
T Maize NT 7.5-15 2 0.03 
T Maize NT 7.5-15 3 0.02 
T Maize NT 7.5-15 4 0.02 
TH Maize NT 7.5-15 1 0.02 
TH Maize NT 7.5-15 2 0.03 
TH Maize NT 7.5-15 3 0.03 
TH Maize NT 7.5-15 4 0.04 
F Maize NT 7.5-15 1 0.02 
F Maize NT 7.5-15 2 0.03 
F Maize NT 7.5-15 3 0.02 
F Maize NT 7.5-15 4 0.02 
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A 2.11     Cont’d 
 
    
    
Rotation Crop Phase Tillage Depth Replication Micropores 
   cm  m3m-3 
T Maize CT 7.5-15 1 0.33 
T Maize CT 7.5-15 2 0.32 
T Maize CT 7.5-15 3 0.27 
T Maize CT 7.5-15 4 0.34 
TH Maize CT 7.5-15 1 0.36 
TH Maize CT 7.5-15 2 0.33 
TH Maize CT 7.5-15 3 0.39 
TH Maize CT 7.5-15 4 0.36 
F Maize CT 7.5-15 1 0.35 
F Maize CT 7.5-15 2 0.30 
F Maize CT 7.5-15 3 0.41 
F Maize CT 7.5-15 4 0.35 
T Maize NT 7.5-15 1 0.41 
T Maize NT 7.5-15 2 0.40 
T Maize NT 7.5-15 3 0.44 
T Maize NT 7.5-15 4 0.42 
TH Maize NT 7.5-15 1 0.36 
TH Maize NT 7.5-15 2 0.39 
TH Maize NT 7.5-15 3 0.42 
TH Maize NT 7.5-15 4 0.38 
F Maize NT 7.5-15 1 0.42 
F Maize NT 7.5-15 2 0.42 
F Maize NT 7.5-15 3 0.41 
F Maize NT 7.5-15 4 0.42 
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A 2.12     Laboratory measurements for pore size distribution in fall 2015 of soybean 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in depth (7.5-
15 cm). 
 
Rotation Crop Phase Tillage Depth Replication Macropores 
   cm   
m3m-3 
T Soybean NT 7.5-15 1 0.01 
T Soybean NT 7.5-15 2 0.01 
T Soybean NT 7.5-15 3 0.01 
T Soybean NT 7.5-15 4 0.02 
TH Soybean NT 7.5-15 1 0.01 
TH Soybean NT 7.5-15 2 0.02 
TH Soybean NT 7.5-15 3 0.01 
TH Soybean NT 7.5-15 4 0.01 
F Soybean NT 7.5-15 1 0.01 
F Soybean NT 7.5-15 2 0.02 
F Soybean NT 7.5-15 3 0.01 
F Soybean NT 7.5-15 4 0.01 
T Soybean CT 7.5-15 1 0.01 
T Soybean CT 7.5-15 2 0.02 
T Soybean CT 7.5-15 3 0.01 
T Soybean CT 7.5-15 4 0.02 
TH Soybean CT 7.5-15 1 0.08 
TH Soybean CT 7.5-15 2 0.06 
TH Soybean CT 7.5-15 3 0.10 
TH Soybean CT 7.5-15 4 0.08 
F Soybean CT 7.5-15 1 0.01 
F Soybean CT 7.5-15 2 0.01 
F Soybean CT 7.5-15 3 0.02 
F Soybean CT 7.5-15 4 0.03 
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A 2.12     Cont’d 
 
    
    
Rotation Crop Phase Tillage Depth Replication  Coarse 
Mesopores 
   cm   
m3m-3 
T Soybean NT 7.5-15 1 0.04 
T Soybean NT 7.5-15 2 0.02 
T Soybean NT 7.5-15 3 0.04 
T Soybean NT 7.5-15 4 0.06 
TH Soybean NT 7.5-15 1 0.03 
TH Soybean NT 7.5-15 2 0.02 
TH Soybean NT 7.5-15 3 0.02 
TH Soybean NT 7.5-15 4 0.02 
F Soybean NT 7.5-15 1 0.02 
F Soybean NT 7.5-15 2 0.04 
F Soybean NT 7.5-15 3 0.04 
F Soybean NT 7.5-15 4 0.03 
T Soybean CT 7.5-15 1 0.03 
T Soybean CT 7.5-15 2 0.03 
T Soybean CT 7.5-15 3 0.04 
T Soybean CT 7.5-15 4 0.04 
TH Soybean CT 7.5-15 1 0.12 
TH Soybean CT 7.5-15 2 0.10 
TH Soybean CT 7.5-15 3 0.13 
TH Soybean CT 7.5-15 4 0.13 
F Soybean CT 7.5-15 1 0.01 
F Soybean CT 7.5-15 2 0.03 
F Soybean CT 7.5-15 3 0.03 
F Soybean CT 7.5-15 4 0.03 
 
 
 
 
 
 
 
 
 
 
193 
 
 
 
A 2.12     Cont’d 
 
    
    
Rotation Crop Phase Tillage Depth Replication Fine 
Mesopores 
   cm   
m3m-3 
T Soybean NT 7.5-15 1 0.03 
T Soybean NT 7.5-15 2 0.01 
T Soybean NT 7.5-15 3 0.04 
T Soybean NT 7.5-15 4 0.03 
TH Soybean NT 7.5-15 1 0.06 
TH Soybean NT 7.5-15 2 0.05 
TH Soybean NT 7.5-15 3 0.05 
TH Soybean NT 7.5-15 4 0.05 
F Soybean NT 7.5-15 1 0.04 
F Soybean NT 7.5-15 2 0.01 
F Soybean NT 7.5-15 3 0.02 
F Soybean NT 7.5-15 4 0.02 
T Soybean CT 7.5-15 1 0.07 
T Soybean CT 7.5-15 2 0.02 
T Soybean CT 7.5-15 3 0.04 
T Soybean CT 7.5-15 4 0.04 
TH Soybean CT 7.5-15 1 0.06 
TH Soybean CT 7.5-15 2 0.05 
TH Soybean CT 7.5-15 3 0.05 
TH Soybean CT 7.5-15 4 0.07 
F Soybean CT 7.5-15 1 0.01 
F Soybean CT 7.5-15 2 0.02 
F Soybean CT 7.5-15 3 0.03 
F Soybean CT 7.5-15 4 0.02 
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A 2.12     Cont’d 
 
    
    
Rotation Crop Phase Tillage Depth Replication Micropores 
   cm   
m3m-3 
T Soybean NT 7.5-15 1 0.39 
T Soybean NT 7.5-15 2 0.45 
T Soybean NT 7.5-15 3 0.37 
T Soybean NT 7.5-15 4 0.36 
TH Soybean NT 7.5-15 1 0.33 
TH Soybean NT 7.5-15 2 0.35 
TH Soybean NT 7.5-15 3 0.35 
TH Soybean NT 7.5-15 4 0.34 
F Soybean NT 7.5-15 1 0.42 
F Soybean NT 7.5-15 2 0.40 
F Soybean NT 7.5-15 3 0.39 
F Soybean NT 7.5-15 4 0.40 
T Soybean CT 7.5-15 1 0.31 
T Soybean CT 7.5-15 2 0.38 
T Soybean CT 7.5-15 3 0.32 
T Soybean CT 7.5-15 4 0.34 
TH Soybean CT 7.5-15 1 0.27 
TH Soybean CT 7.5-15 2 0.35 
TH Soybean CT 7.5-15 3 0.23 
TH Soybean CT 7.5-15 4 0.24 
F Soybean CT 7.5-15 1 0.42 
F Soybean CT 7.5-15 2 0.37 
F Soybean CT 7.5-15 3 0.37 
F Soybean CT 7.5-15 4 0.37 
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A 2.13     Laboratory measurements for soil penetration resistance (SPR) in fall 2015 of 
maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-
oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in two 
depths (0-7.5 and 7.5-15 cm). 
 
Rotation Crop Phase Tillage Depth Replication SPR 
   cm  MPa 
T Maize CT 0-7.5 1 2.86 
T Maize CT 0-7.5 2 2.50 
T Maize CT 0-7.5 3 2.79 
T Maize CT 0-7.5 4 2.72 
TH Maize CT 0-7.5 1 2.65 
TH Maize CT 0-7.5 2 2.62 
TH Maize CT 0-7.5 3 2.25 
TH Maize CT 0-7.5 4 2.51 
F Maize CT 0-7.5 1 2.97 
F Maize CT 0-7.5 2 2.40 
F Maize CT 0-7.5 3 2.55 
F Maize CT 0-7.5 4 2.64 
T Maize NT 0-7.5 1 2.21 
T Maize NT 0-7.5 2 1.54 
T Maize NT 0-7.5 3 2.28 
T Maize NT 0-7.5 4 2.29 
TH Maize NT 0-7.5 1 2.23 
TH Maize NT 0-7.5 2 2.14 
TH Maize NT 0-7.5 3 2.14 
TH Maize NT 0-7.5 4 2.33 
F Maize NT 0-7.5 1 1.97 
F Maize NT 0-7.5 2 1.79 
F Maize NT 0-7.5 3 1.78 
F Maize NT 0-7.5 4 1.61 
T Maize CT 7.5-15 1 2.96 
T Maize CT 7.5-15 2 3.09 
T Maize CT 7.5-15 3 2.95 
T Maize CT 7.5-15 4 2.74 
TH Maize CT 7.5-15 1 2.19 
TH Maize CT 7.5-15 2 2.24 
TH Maize CT 7.5-15 3 2.27 
TH Maize CT 7.5-15 4 2.26 
F Maize CT 7.5-15 1 2.38 
F Maize CT 7.5-15 2 2.41 
F Maize CT 7.5-15 3 2.48 
F Maize CT 7.5-15 4 2.45 
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A 2.13     Cont’d 
 
 
 
  
Rotation Crop Phase Tillage Depth Replication SPR 
   cm  MPa 
T Maize NT 7.5-15 1 2.70 
T Maize NT 7.5-15 2 2.68 
T Maize NT 7.5-15 3 2.60 
T Maize NT 7.5-15 4 2.65 
TH Maize NT 7.5-15 1 2.32 
TH Maize NT 7.5-15 2 2.34 
TH Maize NT 7.5-15 3 2.47 
TH Maize NT 7.5-15 4 2.35 
F Maize NT 7.5-15 1 2.05 
F Maize NT 7.5-15 2 2.04 
F Maize NT 7.5-15 3 2.01 
F Maize NT 7.5-15 4 1.95 
 
 
A 2.14     Laboratory measurements for soil penetration resistance (SPR) in fall 2015 of 
soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-
soybean-oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till 
in two depths (0-7.5 and 7.5-15 cm). 
 
Rotation Crop Phase Tillage Depth Replication SPR 
   cm  MPa 
T Soybean NT 0-7.5 1 2.18 
T Soybean NT 0-7.5 2 2.41 
T Soybean NT 0-7.5 3 2.45 
T Soybean NT 0-7.5 4 2.33 
TH Soybean NT 0-7.5 1 2.56 
TH Soybean NT 0-7.5 2 2.09 
TH Soybean NT 0-7.5 3 2.08 
TH Soybean NT 0-7.5 4 2.59 
F Soybean NT 0-7.5 1 2.03 
F Soybean NT 0-7.5 2 2.04 
F Soybean NT 0-7.5 3 2.19 
F Soybean NT 0-7.5 4 1.81 
T Soybean CT 0-7.5 1 2.02 
T Soybean CT 0-7.5 2 2.50 
T Soybean CT 0-7.5 3 2.11 
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A 2.14     Cont’d 
 
  
  
Rotation Crop Phase Tillage Depth Replication SPR 
   cm  MPa 
T Soybean CT 0-7.5 4 2.08 
TH Soybean CT 0-7.5 1 2.24 
TH Soybean CT 0-7.5 2 2.59 
TH Soybean CT 0-7.5 3 2.89 
TH Soybean CT 0-7.5 4 2.90 
F Soybean CT 0-7.5 1 2.55 
F Soybean CT 0-7.5 2 2.66 
F Soybean CT 0-7.5 3 2.65 
F Soybean CT 0-7.5 4 2.33 
T Soybean NT 7.5-15 1 2.77 
T Soybean NT 7.5-15 2 2.71 
T Soybean NT 7.5-15 3 2.41 
T Soybean NT 7.5-15 4 2.73 
TH Soybean NT 7.5-15 1 2.31 
TH Soybean NT 7.5-15 2 2.31 
TH Soybean NT 7.5-15 3 2.41 
TH Soybean NT 7.5-15 4 2.68 
F Soybean NT 7.5-15 1 2.12 
F Soybean NT 7.5-15 2 2.26 
F Soybean NT 7.5-15 3 2.10 
F Soybean NT 7.5-15 4 2.01 
T Soybean CT 7.5-15 1 2.44 
T Soybean CT 7.5-15 2 2.57 
T Soybean CT 7.5-15 3 2.10 
T Soybean CT 7.5-15 4 2.66 
TH Soybean CT 7.5-15 1 2.87 
TH Soybean CT 7.5-15 2 2.62 
TH Soybean CT 7.5-15 3 3.76 
TH Soybean CT 7.5-15 4 2.54 
F Soybean CT 7.5-15 1 2.57 
F Soybean CT 7.5-15 2 2.72 
F Soybean CT 7.5-15 3 3.05 
F Soybean CT 7.5-15 4 2.53 
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APPINDIX 3 
A 3.1     Laboratory measurements for β-glucosidase enzyme activity in summer and fall 2016 of 
maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); F, 4-
yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm.  
 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication β-glucosidase 
enzyme activity 
    cm  μ mol PNG kg-1 
T at planting Maize CT 0-7.5 1 414 
T at planting Maize CT 0-7.5 2 620 
T at planting Maize CT 0-7.5 3 528 
T at planting Maize CT 0-7.5 4 664 
TH at planting Maize CT 0-7.5 1 2017 
TH at planting Maize CT 0-7.5 2 1410 
TH at planting Maize CT 0-7.5 3 1633 
TH at planting Maize CT 0-7.5 4 2035 
F at planting Maize CT 0-7.5 1 1992 
F at planting Maize CT 0-7.5 2 1469 
F at planting Maize CT 0-7.5 3 1204 
F at planting Maize CT 0-7.5 4 758 
T at planting Maize NT 0-7.5 1 2189 
T at planting Maize NT 0-7.5 2 2056 
T at planting Maize NT 0-7.5 3 2372 
T at planting Maize NT 0-7.5 4 2140 
TH at planting Maize NT 0-7.5 1 1358 
TH at planting Maize NT 0-7.5 2 1713 
TH at planting Maize NT 0-7.5 3 2322 
TH at planting Maize NT 0-7.5 4 1798 
F at planting Maize NT 0-7.5 1 772 
F at planting Maize NT 0-7.5 2 1004 
F at planting Maize NT 0-7.5 3 1175 
F at planting Maize NT 0-7.5 4 1750 
T at harvest Maize CT 0-7.5 1 229 
T at harvest Maize CT 0-7.5 2 217 
T at harvest Maize CT 0-7.5 3 228 
T at harvest Maize CT 0-7.5 4 238 
TH at harvest Maize CT 0-7.5 1 591 
TH at harvest Maize CT 0-7.5 2 302 
TH at harvest Maize CT 0-7.5 3 207 
TH at harvest Maize CT 0-7.5 4 366 
F at harvest Maize CT 0-7.5 1 631 
F at harvest Maize CT 0-7.5 2 620 
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A 3.1     Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication β-glucosidase 
enzyme activity 
    cm  μ mol PNG kg-1 
F at harvest Maize CT 0-7.5 3 660 
F at harvest Maize CT 0-7.5 4 560 
T at harvest Maize NT 0-7.5 1 1216 
T at harvest Maize NT 0-7.5 2 634 
T at harvest Maize NT 0-7.5 3 921 
T at harvest Maize NT 0-7.5 4 433 
TH at harvest Maize NT 0-7.5 1 682 
TH at harvest Maize NT 0-7.5 2 564 
TH at harvest Maize NT 0-7.5 3 535 
TH at harvest Maize NT 0-7.5 4 359 
F at harvest Maize NT 0-7.5 1 770 
F at harvest Maize NT 0-7.5 2 609 
F at harvest Maize NT 0-7.5 3 879 
F at harvest Maize NT 0-7.5 4 641 
 
 
 
A 3.2     Laboratory measurements for β-glucosidase enzyme activity in summer and fall 2016 of 
soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); F, 
4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm.  
 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication β-glucosidase 
enzyme activity 
    cm  μ mol PNG kg-1 
T at planting Soybean NT 0-7.5 1 1413 
T at planting Soybean NT 0-7.5 2 2154 
T at planting Soybean NT 0-7.5 3 228 
T at planting Soybean NT 0-7.5 4 1857 
TH at planting Soybean NT 0-7.5 1 1347 
TH at planting Soybean NT 0-7.5 2 2021 
TH at planting Soybean NT 0-7.5 3 1403 
TH at planting Soybean NT 0-7.5 4 840 
F at planting Soybean NT 0-7.5 1 1583 
F at planting Soybean NT 0-7.5 2 1865 
F at planting Soybean NT 0-7.5 3 1352 
F at planting Soybean NT 0-7.5 4 1481 
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A 3.2     Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication β-glucosidase 
enzyme activity 
    cm  μ mol PNG kg-1 
T at planting Soybean CT 0-7.5 1 1431 
T at planting Soybean CT 0-7.5 2 1589 
T at planting Soybean CT 0-7.5 3 1526 
T at planting Soybean CT 0-7.5 4 2038 
TH at planting Soybean CT 0-7.5 1 1624 
TH at planting Soybean CT 0-7.5 2 689 
TH at planting Soybean CT 0-7.5 3 1163 
TH at planting Soybean CT 0-7.5 4 1176 
F at planting Soybean CT 0-7.5 1 1232 
F at planting Soybean CT 0-7.5 2 1213 
F at planting Soybean CT 0-7.5 3 700 
F at planting Soybean CT 0-7.5 4 1524 
T at harvest Soybean NT 0-7.5 1 1136 
T at harvest Soybean NT 0-7.5 2 670 
T at harvest Soybean NT 0-7.5 3 728 
T at harvest Soybean NT 0-7.5 4 1276 
TH at harvest Soybean NT 0-7.5 1 547 
TH at harvest Soybean NT 0-7.5 2 882 
TH at harvest Soybean NT 0-7.5 3 517 
TH at harvest Soybean NT 0-7.5 4 720 
F at harvest Soybean NT 0-7.5 1 821 
F at harvest Soybean NT 0-7.5 2 654 
F at harvest Soybean NT 0-7.5 3 456 
F at harvest Soybean NT 0-7.5 4 744 
T at harvest Soybean CT 0-7.5 1 223 
T at harvest Soybean CT 0-7.5 2 524 
T at harvest Soybean CT 0-7.5 3 388 
T at harvest Soybean CT 0-7.5 4 462 
TH at harvest Soybean CT 0-7.5 1 315 
TH at harvest Soybean CT 0-7.5 2 569 
TH at harvest Soybean CT 0-7.5 3 526 
TH at harvest Soybean CT 0-7.5 4 270 
F at harvest Soybean CT 0-7.5 1 213 
F at harvest Soybean CT 0-7.5 2 277 
F at harvest Soybean CT 0-7.5 3 213 
F at harvest Soybean CT 0-7.5 4 408 
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A 3.3     Laboratory measurements for Urease enzyme activity in summer and fall 2016 of maize 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); F, 4-yr 
(maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm.  
 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication Urease enzyme 
activity 
    cm  μ mol N g-1 h-1 
T at planting Maize CT 0-7.5 1 40.9 
T at planting Maize CT 0-7.5 2 17.5 
T at planting Maize CT 0-7.5 3 33.5 
T at planting Maize CT 0-7.5 4 42.1 
TH at planting Maize CT 0-7.5 1 82.5 
TH at planting Maize CT 0-7.5 2 123.7 
TH at planting Maize CT 0-7.5 3 52.7 
TH at planting Maize CT 0-7.5 4 30.7 
F at planting Maize CT 0-7.5 1 86.3 
F at planting Maize CT 0-7.5 2 122.2 
F at planting Maize CT 0-7.5 3 238.8 
F at planting Maize CT 0-7.5 4 122.4 
T at planting Maize NT 0-7.5 1 80.1 
T at planting Maize NT 0-7.5 2 49.7 
T at planting Maize NT 0-7.5 3 32.7 
T at planting Maize NT 0-7.5 4 75.3 
TH at planting Maize NT 0-7.5 1 136.0 
TH at planting Maize NT 0-7.5 2 129.0 
TH at planting Maize NT 0-7.5 3 87.6 
TH at planting Maize NT 0-7.5 4 221.5 
F at planting Maize NT 0-7.5 1 53.1 
F at planting Maize NT 0-7.5 2 69.5 
F at planting Maize NT 0-7.5 3 70.6 
F at planting Maize NT 0-7.5 4 45.6 
T at harvest Maize CT 0-7.5 1 12.3 
T at harvest Maize CT 0-7.5 2 28.1 
T at harvest Maize CT 0-7.5 3 11.3 
T at harvest Maize CT 0-7.5 4 28.9 
TH at harvest Maize CT 0-7.5 1 30.6 
TH at harvest Maize CT 0-7.5 2 35.2 
TH at harvest Maize CT 0-7.5 3 28.3 
TH at harvest Maize CT 0-7.5 4 28.3 
F at harvest Maize CT 0-7.5 1 12.5 
F at harvest Maize CT 0-7.5 2 12.2 
F at harvest Maize CT 0-7.5 3 26.7 
F at harvest Maize CT 0-7.5 4 12.2 
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A 3.3     Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication Urease enzyme 
activity 
    cm  μ mol N g-1 h-1 
T at harvest Maize NT 0-7.5 1 26.8 
T at harvest Maize NT 0-7.5 2 30.6 
T at harvest Maize NT 0-7.5 3 33.7 
T at harvest Maize NT 0-7.5 4 32.8 
TH at harvest Maize NT 0-7.5 1 13.4 
TH at harvest Maize NT 0-7.5 2 13.3 
TH at harvest Maize NT 0-7.5 3 12.4 
TH at harvest Maize NT 0-7.5 4 13.3 
F at harvest Maize NT 0-7.5 1 37.6 
F at harvest Maize NT 0-7.5 2 48.0 
F at harvest Maize NT 0-7.5 3 65.9 
F at harvest Maize NT 0-7.5 4 40.4 
 
 
A 3.4     Laboratory measurements for Urease enzyme activity in summer and fall 2016 of soybean 
phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); F, 4-yr 
(maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm.  
 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication Urease enzyme 
activity 
    cm  μ mol N g-1 h-1 
T at planting Soybean NT 0-7.5 1 121 
T at planting Soybean NT 0-7.5 2 69 
T at planting Soybean NT 0-7.5 3 93 
T at planting Soybean NT 0-7.5 4 86 
TH at planting Soybean NT 0-7.5 1 107 
TH at planting Soybean NT 0-7.5 2 121 
TH at planting Soybean NT 0-7.5 3 89 
TH at planting Soybean NT 0-7.5 4 101 
F at planting Soybean NT 0-7.5 1 187 
F at planting Soybean NT 0-7.5 2 102 
F at planting Soybean NT 0-7.5 3 190 
F at planting Soybean NT 0-7.5 4 160 
T at planting Soybean CT 0-7.5 1 57 
T at planting Soybean CT 0-7.5 2 60 
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A 3.4    Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication Urease enzyme 
activity 
    cm  μ mol N g-1 h-1 
T at planting Soybean CT 0-7.5 3 60 
T at planting Soybean CT 0-7.5 4 59 
TH at planting Soybean CT 0-7.5 1 67 
TH at planting Soybean CT 0-7.5 2 61 
TH at planting Soybean CT 0-7.5 3 71 
TH at planting Soybean CT 0-7.5 4 46 
F at planting Soybean CT 0-7.5 1 32 
F at planting Soybean CT 0-7.5 2 30 
F at planting Soybean CT 0-7.5 3 57 
F at planting Soybean CT 0-7.5 4 118 
T at harvest Soybean NT 0-7.5 1 30.1 
T at harvest Soybean NT 0-7.5 2 18.1 
T at harvest Soybean NT 0-7.5 3 24.5 
T at harvest Soybean NT 0-7.5 4 16.6 
TH at harvest Soybean NT 0-7.5 1 69.4 
TH at harvest Soybean NT 0-7.5 2 50.0 
TH at harvest Soybean NT 0-7.5 3 49.1 
TH at harvest Soybean NT 0-7.5 4 48.3 
F at harvest Soybean NT 0-7.5 1 16.3 
F at harvest Soybean NT 0-7.5 2 18.0 
F at harvest Soybean NT 0-7.5 3 11.1 
F at harvest Soybean NT 0-7.5 4 16.3 
T at harvest Soybean CT 0-7.5 1 38.4 
T at harvest Soybean CT 0-7.5 2 37.1 
T at harvest Soybean CT 0-7.5 3 10.9 
T at harvest Soybean CT 0-7.5 4 24.1 
TH at harvest Soybean CT 0-7.5 1 29.9 
TH at harvest Soybean CT 0-7.5 2 24.3 
TH at harvest Soybean CT 0-7.5 3 26.4 
TH at harvest Soybean CT 0-7.5 4 26.3 
F at harvest Soybean CT 0-7.5 1 18.3 
F at harvest Soybean CT 0-7.5 2 52.3 
F at harvest Soybean CT 0-7.5 3 11.3 
F at harvest Soybean CT 0-7.5 4 20.3 
 
 
 
204 
 
 
 
A 3.5     Laboratory measurements for hot water extractable carbon (HWC) in summer and fall 
2016 of maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-
oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm. 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication HWC 
    cm  μg C g-1 
T at planting Maize CT 0-7.5 1 65.7 
T at planting Maize CT 0-7.5 2 89.6 
T at planting Maize CT 0-7.5 3 75.9 
T at planting Maize CT 0-7.5 4 37.7 
TH at planting Maize CT 0-7.5 1 64.0 
TH at planting Maize CT 0-7.5 2 75.2 
TH at planting Maize CT 0-7.5 3 82.6 
TH at planting Maize CT 0-7.5 4 79.4 
F at planting Maize CT 0-7.5 1 63.6 
F at planting Maize CT 0-7.5 2 50.9 
F at planting Maize CT 0-7.5 3 56.6 
F at planting Maize CT 0-7.5 4 43.8 
T at planting Maize NT 0-7.5 1 66.8 
T at planting Maize NT 0-7.5 2 102.7 
T at planting Maize NT 0-7.5 3 4.6 
T at planting Maize NT 0-7.5 4 79.5 
TH at planting Maize NT 0-7.5 1 60.9 
TH at planting Maize NT 0-7.5 2 56.8 
TH at planting Maize NT 0-7.5 3 71.9 
TH at planting Maize NT 0-7.5 4 73.2 
F at planting Maize NT 0-7.5 1 93.7 
F at planting Maize NT 0-7.5 2 95.4 
F at planting Maize NT 0-7.5 3 110.6 
F at planting Maize NT 0-7.5 4 69.1 
T at harvest Maize CT 0-7.5 1 136 
T at harvest Maize CT 0-7.5 2 139 
T at harvest Maize CT 0-7.5 3 150 
T at harvest Maize CT 0-7.5 4 81 
TH at harvest Maize CT 0-7.5 1 115 
TH at harvest Maize CT 0-7.5 2 101 
TH at harvest Maize CT 0-7.5 3 145 
TH at harvest Maize CT 0-7.5 4 94 
F at harvest Maize CT 0-7.5 1 100 
F at harvest Maize CT 0-7.5 2 168 
F at harvest Maize CT 0-7.5 3 101 
F at harvest Maize CT 0-7.5 4 109 
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A 3.5     Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication HWC 
    cm  μg C g-1 
T at harvest Maize NT 0-7.5 1 147 
T at harvest Maize NT 0-7.5 2 142 
T at harvest Maize NT 0-7.5 3 146 
T at harvest Maize NT 0-7.5 4 120 
TH at harvest Maize NT 0-7.5 1 166 
TH at harvest Maize NT 0-7.5 2 180 
TH at harvest Maize NT 0-7.5 3 128 
TH at harvest Maize NT 0-7.5 4 116 
F at harvest Maize NT 0-7.5 1 164 
F at harvest Maize NT 0-7.5 2 116 
F at harvest Maize NT 0-7.5 3 174 
F at harvest Maize NT 0-7.5 4 116 
 
 
 
A 3.6     Laboratory measurements for hot water extractable carbon (HWC) in summer and fall 
2016 of soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-
oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm. 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication HWC 
    cm  μg C g-1 
T at planting Soybean NT 0-7.5 1 102.4 
T at planting Soybean NT 0-7.5 2 126.5 
T at planting Soybean NT 0-7.5 3 84.8 
T at planting Soybean NT 0-7.5 4 83.7 
TH at planting Soybean NT 0-7.5 1 95.7 
TH at planting Soybean NT 0-7.5 2 101.4 
TH at planting Soybean NT 0-7.5 3 78.3 
TH at planting Soybean NT 0-7.5 4 19.0 
F at planting Soybean NT 0-7.5 1 85.1 
F at planting Soybean NT 0-7.5 2 112.7 
F at planting Soybean NT 0-7.5 3 84.7 
F at planting Soybean NT 0-7.5 4 85.8 
T at planting Soybean CT 0-7.5 1 72.6 
T at planting Soybean CT 0-7.5 2 60.3 
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A 3.6     Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication HWC 
    cm  μg C g-1 
T at planting Soybean CT 0-7.5 3 74.4 
T at planting Soybean CT 0-7.5 4 93.4 
TH at planting Soybean CT 0-7.5 1 79.9 
TH at planting Soybean CT 0-7.5 2 81.4 
TH at planting Soybean CT 0-7.5 3 55.1 
TH at planting Soybean CT 0-7.5 4 78.4 
F at planting Soybean CT 0-7.5 1 59.7 
F at planting Soybean CT 0-7.5 2 50.9 
F at planting Soybean CT 0-7.5 3 76.1 
F at planting Soybean CT 0-7.5 4 54.5 
T at harvest Soybean NT 0-7.5 1 151 
T at harvest Soybean NT 0-7.5 2 136 
T at harvest Soybean NT 0-7.5 3 248 
T at harvest Soybean NT 0-7.5 4 109 
TH at harvest Soybean NT 0-7.5 1 213 
TH at harvest Soybean NT 0-7.5 2 146 
TH at harvest Soybean NT 0-7.5 3 195 
TH at harvest Soybean NT 0-7.5 4 222 
F at harvest Soybean NT 0-7.5 1 355 
F at harvest Soybean NT 0-7.5 2 192 
F at harvest Soybean NT 0-7.5 3 316 
F at harvest Soybean NT 0-7.5 4 263 
T at harvest Soybean CT 0-7.5 1 128 
T at harvest Soybean CT 0-7.5 2 129 
T at harvest Soybean CT 0-7.5 3 123 
T at harvest Soybean CT 0-7.5 4 103 
TH at harvest Soybean CT 0-7.5 1 124 
TH at harvest Soybean CT 0-7.5 2 158 
TH at harvest Soybean CT 0-7.5 3 136 
TH at harvest Soybean CT 0-7.5 4 88 
F at harvest Soybean CT 0-7.5 1 88 
F at harvest Soybean CT 0-7.5 2 132 
F at harvest Soybean CT 0-7.5 3 141 
F at harvest Soybean CT 0-7.5 4 142 
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A 3.7     Laboratory measurements for cold water extractable carbon (CWC) in summer and fall 
2016 of maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-
oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm. 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication CWC 
    cm  μg C g-1 
T at planting Maize CT 0-7.5 1 9.0 
T at planting Maize CT 0-7.5 2 16.4 
T at planting Maize CT 0-7.5 3 20.1 
T at planting Maize CT 0-7.5 4 16.5 
TH at planting Maize CT 0-7.5 1 28.0 
TH at planting Maize CT 0-7.5 2 25.7 
TH at planting Maize CT 0-7.5 3 27.2 
TH at planting Maize CT 0-7.5 4 17.6 
F at planting Maize CT 0-7.5 1 13.3 
F at planting Maize CT 0-7.5 2 13.9 
F at planting Maize CT 0-7.5 3 13.5 
F at planting Maize CT 0-7.5 4 18.8 
T at planting Maize NT 0-7.5 1 21.7 
T at planting Maize NT 0-7.5 2 13.7 
T at planting Maize NT 0-7.5 3 17.6 
T at planting Maize NT 0-7.5 4 19.2 
TH at planting Maize NT 0-7.5 1 10.6 
TH at planting Maize NT 0-7.5 2 22.3 
TH at planting Maize NT 0-7.5 3 20.5 
TH at planting Maize NT 0-7.5 4 15.6 
F at planting Maize NT 0-7.5 1 24.4 
F at planting Maize NT 0-7.5 2 20.8 
F at planting Maize NT 0-7.5 3 44.4 
F at planting Maize NT 0-7.5 4 17.9 
T at harvest Maize CT 0-7.5 1 41.9 
T at harvest Maize CT 0-7.5 2 18.2 
T at harvest Maize CT 0-7.5 3 7.5 
T at harvest Maize CT 0-7.5 4 22.3 
TH at harvest Maize CT 0-7.5 1 31.0 
TH at harvest Maize CT 0-7.5 2 26.2 
TH at harvest Maize CT 0-7.5 3 32.7 
TH at harvest Maize CT 0-7.5 4 31.6 
F at harvest Maize CT 0-7.5 1 23.3 
F at harvest Maize CT 0-7.5 2 36.8 
F at harvest Maize CT 0-7.5 3 26.2 
F at harvest Maize CT 0-7.5 4 25.5 
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A 3.7     Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication CWC 
    cm  μg C g-1 
T at harvest Maize NT 0-7.5 1 43.6 
T at harvest Maize NT 0-7.5 2 27.2 
T at harvest Maize NT 0-7.5 3 25.5 
T at harvest Maize NT 0-7.5 4 16.4 
TH at harvest Maize NT 0-7.5 1 22.7 
TH at harvest Maize NT 0-7.5 2 31.5 
TH at harvest Maize NT 0-7.5 3 26.3 
TH at harvest Maize NT 0-7.5 4 36.8 
F at harvest Maize NT 0-7.5 1 23.2 
F at harvest Maize NT 0-7.5 2 25.1 
F at harvest Maize NT 0-7.5 3 30.5 
F at harvest Maize NT 0-7.5 4 34.2 
 
 
A 3.8     Laboratory measurements for cold water extractable carbon (CWC) in summer and fall 
2016 of soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-
oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm. 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication CWC 
    cm  μg C g-1 
T at planting Soybean NT 0-7.5 1 22.7 
T at planting Soybean NT 0-7.5 2 14.9 
T at planting Soybean NT 0-7.5 3 28.3 
T at planting Soybean NT 0-7.5 4 18.3 
TH at planting Soybean NT 0-7.5 1 21.3 
TH at planting Soybean NT 0-7.5 2 30.5 
TH at planting Soybean NT 0-7.5 3 18.3 
TH at planting Soybean NT 0-7.5 4 16.8 
F at planting Soybean NT 0-7.5 1 12.9 
F at planting Soybean NT 0-7.5 2 27.1 
F at planting Soybean NT 0-7.5 3 25.1 
F at planting Soybean NT 0-7.5 4 19.7 
T at planting Soybean CT 0-7.5 1 16.8 
T at planting Soybean CT 0-7.5 2 16.0 
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A 3.8    Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication CWC 
    cm  μg C g-1 
T at planting Soybean CT 0-7.5 3 20.5 
T at planting Soybean CT 0-7.5 4 23.5 
TH at planting Soybean CT 0-7.5 1 11.1 
TH at planting Soybean CT 0-7.5 2 13.7 
TH at planting Soybean CT 0-7.5 3 15.1 
TH at planting Soybean CT 0-7.5 4 22.5 
F at planting Soybean CT 0-7.5 1 12.7 
F at planting Soybean CT 0-7.5 2 21.5 
F at planting Soybean CT 0-7.5 3 16.0 
F at planting Soybean CT 0-7.5 4 21.4 
T at harvest Soybean NT 0-7.5 1 0.2 
T at harvest Soybean NT 0-7.5 2 0.3 
T at harvest Soybean NT 0-7.5 3 33.7 
T at harvest Soybean NT 0-7.5 4 33.9 
TH at harvest Soybean NT 0-7.5 1 51.7 
TH at harvest Soybean NT 0-7.5 2 33.5 
TH at harvest Soybean NT 0-7.5 3 15.8 
TH at harvest Soybean NT 0-7.5 4 56.3 
F at harvest Soybean NT 0-7.5 1 0.3 
F at harvest Soybean NT 0-7.5 2 33.5 
F at harvest Soybean NT 0-7.5 3 36.7 
F at harvest Soybean NT 0-7.5 4 31.9 
T at harvest Soybean CT 0-7.5 1 35.9 
T at harvest Soybean CT 0-7.5 2 32.6 
T at harvest Soybean CT 0-7.5 3 0.3 
T at harvest Soybean CT 0-7.5 4 31.2 
TH at harvest Soybean CT 0-7.5 1 28.3 
TH at harvest Soybean CT 0-7.5 2 31.9 
TH at harvest Soybean CT 0-7.5 3 26.8 
TH at harvest Soybean CT 0-7.5 4 18.1 
F at harvest Soybean CT 0-7.5 1 33.3 
F at harvest Soybean CT 0-7.5 2 34.8 
F at harvest Soybean CT 0-7.5 3 32.5 
F at harvest Soybean CT 0-7.5 4 21.7 
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A 3.9     Laboratory measurements for microbial biomass carbon (MBC) in summer and fall 2016 
of maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); F, 
4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm. 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication MBC 
    cm  μg g soil-1 
T at planting Maize CT 0-7.5 1 205 
T at planting Maize CT 0-7.5 2 196 
T at planting Maize CT 0-7.5 3 200 
T at planting Maize CT 0-7.5 4 183 
TH at planting Maize CT 0-7.5 1 212 
TH at planting Maize CT 0-7.5 2 222 
TH at planting Maize CT 0-7.5 3 222 
TH at planting Maize CT 0-7.5 4 234 
F at planting Maize CT 0-7.5 1 194 
F at planting Maize CT 0-7.5 2 229 
F at planting Maize CT 0-7.5 3 205 
F at planting Maize CT 0-7.5 4 193 
T at planting Maize NT 0-7.5 1 252 
T at planting Maize NT 0-7.5 2 256 
T at planting Maize NT 0-7.5 3 262 
T at planting Maize NT 0-7.5 4 238 
TH at planting Maize NT 0-7.5 1 239 
TH at planting Maize NT 0-7.5 2 227 
TH at planting Maize NT 0-7.5 3 215 
TH at planting Maize NT 0-7.5 4 225 
F at planting Maize NT 0-7.5 1 385 
F at planting Maize NT 0-7.5 2 364 
F at planting Maize NT 0-7.5 3 398 
F at planting Maize NT 0-7.5 4 382 
T at harvest Maize CT 0-7.5 1 82.0 
T at harvest Maize CT 0-7.5 2 73.2 
T at harvest Maize CT 0-7.5 3 90.8 
T at harvest Maize CT 0-7.5 4 82.0 
TH at harvest Maize CT 0-7.5 1 127.1 
TH at harvest Maize CT 0-7.5 2 88.7 
TH at harvest Maize CT 0-7.5 3 72.0 
TH at harvest Maize CT 0-7.5 4 66.9 
F at harvest Maize CT 0-7.5 1 187.8 
F at harvest Maize CT 0-7.5 2 270.1 
F at harvest Maize CT 0-7.5 3 173.7 
F at harvest Maize CT 0-7.5 4 119.6 
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A 3.9     Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication MBC 
    cm  μg g soil-1 
T at harvest Maize NT 0-7.5 1 81.1 
T at harvest Maize NT 0-7.5 2 86.5 
T at harvest Maize NT 0-7.5 3 108.5 
T at harvest Maize NT 0-7.5 4 92.0 
TH at harvest Maize NT 0-7.5 1 10.4 
TH at harvest Maize NT 0-7.5 2 24.6 
TH at harvest Maize NT 0-7.5 3 19.9 
TH at harvest Maize NT 0-7.5 4 29.4 
F at harvest Maize NT 0-7.5 1 103.7 
F at harvest Maize NT 0-7.5 2 75.8 
F at harvest Maize NT 0-7.5 3 131.5 
F at harvest Maize NT 0-7.5 4 41.3 
 
 
A 3.10     Laboratory measurements for microbial biomass carbon (MBC) in summer and fall 2016 
of soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-oat); 
F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm. 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication MBC 
    cm  μg g soil-1 
T at planting Soybean NT 0-7.5 1 245 
T at planting Soybean NT 0-7.5 2 224 
T at planting Soybean NT 0-7.5 3 266 
T at planting Soybean NT 0-7.5 4 245 
TH at planting Soybean NT 0-7.5 1 285 
TH at planting Soybean NT 0-7.5 2 231 
TH at planting Soybean NT 0-7.5 3 256 
TH at planting Soybean NT 0-7.5 4 253 
F at planting Soybean NT 0-7.5 1 240 
F at planting Soybean NT 0-7.5 2 258 
F at planting Soybean NT 0-7.5 3 263 
F at planting Soybean NT 0-7.5 4 200 
T at planting Soybean CT 0-7.5 1 247 
T at planting Soybean CT 0-7.5 2 233 
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A 3.10     Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication MBC 
    cm  μg g soil-1 
T at planting Soybean CT 0-7.5 3 230 
T at planting Soybean CT 0-7.5 4 223 
TH at planting Soybean CT 0-7.5 1 156 
TH at planting Soybean CT 0-7.5 2 169 
TH at planting Soybean CT 0-7.5 3 171 
TH at planting Soybean CT 0-7.5 4 181 
F at planting Soybean CT 0-7.5 1 189 
F at planting Soybean CT 0-7.5 2 205 
F at planting Soybean CT 0-7.5 3 195 
F at planting Soybean CT 0-7.5 4 192 
T at harvest Soybean NT 0-7.5 1 221 
T at harvest Soybean NT 0-7.5 2 240 
T at harvest Soybean NT 0-7.5 3 251 
T at harvest Soybean NT 0-7.5 4 249 
TH at harvest Soybean NT 0-7.5 1 302 
TH at harvest Soybean NT 0-7.5 2 373 
TH at harvest Soybean NT 0-7.5 3 325 
TH at harvest Soybean NT 0-7.5 4 278 
F at harvest Soybean NT 0-7.5 1 109 
F at harvest Soybean NT 0-7.5 2 126 
F at harvest Soybean NT 0-7.5 3 119 
F at harvest Soybean NT 0-7.5 4 121 
T at harvest Soybean CT 0-7.5 1 43 
T at harvest Soybean CT 0-7.5 2 58 
T at harvest Soybean CT 0-7.5 3 106 
T at harvest Soybean CT 0-7.5 4 69 
TH at harvest Soybean CT 0-7.5 1 26 
TH at harvest Soybean CT 0-7.5 2 118 
TH at harvest Soybean CT 0-7.5 3 29 
TH at harvest Soybean CT 0-7.5 4 57 
F at harvest Soybean CT 0-7.5 1 100 
F at harvest Soybean CT 0-7.5 2 92 
F at harvest Soybean CT 0-7.5 3 103 
F at harvest Soybean CT 0-7.5 4 117 
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A 3.11     Laboratory measurements for microbial biomass nitrogen (MBN) in summer and fall 
2016 of maize phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-
oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm. 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication MBN 
    cm  μg g soil-1 
T at planting Maize CT 0-7.5 1 54.7 
T at planting Maize CT 0-7.5 2 52.0 
T at planting Maize CT 0-7.5 3 58.9 
T at planting Maize CT 0-7.5 4 53.2 
TH at planting Maize CT 0-7.5 1 51.6 
TH at planting Maize CT 0-7.5 2 51.0 
TH at planting Maize CT 0-7.5 3 49.5 
TH at planting Maize CT 0-7.5 4 45.8 
F at planting Maize CT 0-7.5 1 62.0 
F at planting Maize CT 0-7.5 2 66.2 
F at planting Maize CT 0-7.5 3 60.0 
F at planting Maize CT 0-7.5 4 59.7 
T at planting Maize NT 0-7.5 1 52.0 
T at planting Maize NT 0-7.5 2 51.3 
T at planting Maize NT 0-7.5 3 52.7 
T at planting Maize NT 0-7.5 4 52.0 
TH at planting Maize NT 0-7.5 1 37.1 
TH at planting Maize NT 0-7.5 2 46.0 
TH at planting Maize NT 0-7.5 3 53.9 
TH at planting Maize NT 0-7.5 4 57.4 
F at planting Maize NT 0-7.5 1 70.3 
F at planting Maize NT 0-7.5 2 74.5 
F at planting Maize NT 0-7.5 3 81.8 
F at planting Maize NT 0-7.5 4 71.5 
T at harvest Maize CT 0-7.5 1 17.3 
T at harvest Maize CT 0-7.5 2 18.9 
T at harvest Maize CT 0-7.5 3 24.6 
T at harvest Maize CT 0-7.5 4 37.6 
TH at harvest Maize CT 0-7.5 1 8.1 
TH at harvest Maize CT 0-7.5 2 18.5 
TH at harvest Maize CT 0-7.5 3 22.4 
TH at harvest Maize CT 0-7.5 4 16.3 
F at harvest Maize CT 0-7.5 1 33.5 
F at harvest Maize CT 0-7.5 2 47.1 
F at harvest Maize CT 0-7.5 3 35.6 
F at harvest Maize CT 0-7.5 4 17.8 
       
       
      
214 
 
 
 
A 3.11    Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication MBN 
    cm  μg g soil-1 
T at harvest Maize NT 0-7.5 1 6.7 
T at harvest Maize NT 0-7.5 2 22.3 
T at harvest Maize NT 0-7.5 3 20.7 
T at harvest Maize NT 0-7.5 4 21.5 
TH at harvest Maize NT 0-7.5 1 13.9 
TH at harvest Maize NT 0-7.5 2 63.0 
TH at harvest Maize NT 0-7.5 3 28.0 
TH at harvest Maize NT 0-7.5 4 7.0 
F at harvest Maize NT 0-7.5 1 37.9 
F at harvest Maize NT 0-7.5 2 31.7 
F at harvest Maize NT 0-7.5 3 40.5 
F at harvest Maize NT 0-7.5 4 16.7 
 
 
 
A 3.12     Laboratory measurements for microbial biomass nitrogen (MBN) in summer and fall 
2016 of soybean phase under T, 2-yr rotation (maize-soybean); TH, 3-yr rotation (maize-soybean-
oat); F, 4-yr (maize-soybean-oat-wheat); NT, no-till, and CT, conventional-till in 0-7.5 cm. 
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication MBN 
    cm  μg g soil-1 
T at planting Soybean NT 0-7.5 1 53.5 
T at planting Soybean NT 0-7.5 2 49.0 
T at planting Soybean NT 0-7.5 3 49.3 
T at planting Soybean NT 0-7.5 4 45.6 
TH at planting Soybean NT 0-7.5 1 64.6 
TH at planting Soybean NT 0-7.5 2 56.7 
TH at planting Soybean NT 0-7.5 3 60.7 
TH at planting Soybean NT 0-7.5 4 60.8 
F at planting Soybean NT 0-7.5 1 62.2 
F at planting Soybean NT 0-7.5 2 57.5 
F at planting Soybean NT 0-7.5 3 57.5 
F at planting Soybean NT 0-7.5 4 52.7 
T at planting Soybean CT 0-7.5 1 57.9 
T at planting Soybean CT 0-7.5 2 51.2 
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A 3.12    Cont’d 
 
 
 
 
  
Rotation Sampling  
Time 
Crop 
Phase 
Tillage Depth Replication MBN 
    cm  μg g soil-1 
T at planting Soybean CT 0-7.5 3 55.3 
T at planting Soybean CT 0-7.5 4 54.8 
TH at planting Soybean CT 0-7.5 1 47.7 
TH at planting Soybean CT 0-7.5 2 50.4 
TH at planting Soybean CT 0-7.5 3 48.1 
TH at planting Soybean CT 0-7.5 4 44.7 
F at planting Soybean CT 0-7.5 1 47.3 
F at planting Soybean CT 0-7.5 2 44.8 
F at planting Soybean CT 0-7.5 3 46.5 
F at planting Soybean CT 0-7.5 4 47.4 
T at harvest Soybean NT 0-7.5 1 32.6 
T at harvest Soybean NT 0-7.5 2 36.0 
T at harvest Soybean NT 0-7.5 3 47.9 
T at harvest Soybean NT 0-7.5 4 27.4 
TH at harvest Soybean NT 0-7.5 1 34.9 
TH at harvest Soybean NT 0-7.5 2 55.3 
TH at harvest Soybean NT 0-7.5 3 11.4 
TH at harvest Soybean NT 0-7.5 4 38.0 
F at harvest Soybean NT 0-7.5 1 11.9 
F at harvest Soybean NT 0-7.5 2 11.3 
F at harvest Soybean NT 0-7.5 3 17.2 
F at harvest Soybean NT 0-7.5 4 28.4 
T at harvest Soybean CT 0-7.5 1 21.7 
T at harvest Soybean CT 0-7.5 2 17.7 
T at harvest Soybean CT 0-7.5 3 14.2 
T at harvest Soybean CT 0-7.5 4 33.1 
TH at harvest Soybean CT 0-7.5 1 17.5 
TH at harvest Soybean CT 0-7.5 2 27.2 
TH at harvest Soybean CT 0-7.5 3 9.0 
TH at harvest Soybean CT 0-7.5 4 17.9 
F at harvest Soybean CT 0-7.5 1 9.4 
F at harvest Soybean CT 0-7.5 2 9.6 
F at harvest Soybean CT 0-7.5 3 12.0 
F at harvest Soybean CT 0-7.5 4 16.8 
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APPENDIX 4 (STATISTICAL ANALYSIS CODES) 
 
1. SAS code that to analyze each treatment separately:  
data one; 
input Res$ Rep SOC; 
cards; 
; 
proc print; 
proc glimmix; 
class Res Rep; 
model SOC = Res; 
random Rep; 
lsmeans Res/ bylevel lines; 
run; 
 
2. SAS code that to analyze the means of treatment: 
data one; 
input Rot$ Til$ Rep SOC; 
cards; 
; 
run; 
 
proc print; 
 
proc glimmix data=one; 
class Rot Til Rep; 
model SOC = Rot Til Rot*Til; 
random Rep; 
lsmeans Til Rot*Til/ diff; 
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lsmeans Rot/ bylevel lines; 
lsmeans Til/ bylevel lines; 
run; 
  
proc sort data=one out=one1; 
by Rot; run; 
 
ods output summary=summ_Rot; 
proc means data=one1 n mean std; 
by Rot; 
var soc; 
run; 
ods output close; 
proc export data=summ_Rot 
   outfile="E:\Ch-2 Data\SAS files" 
   dbms=csv 
   replace; 
run; 
 
proc sort data=one out=one2; 
by Til; run; 
 
ods output summary=summ_Til; 
proc means data=one2 n mean std; 
by til; 
var soc; 
run; 
ods output close; 
proc export data=summ_Til 
   outfile="E:\Ch-2 Data\SAS files" 
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   dbms=csv 
   replace; 
run; 
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APPENDIX 5 (PICTURES) 
Field Sampling 
 
 
 
 
Using hydraulic push probe machine to 
 extract soil samples below 30-cm 
 
  
 
Auger sampler to extract soil samples  
for chemical analysis 
 
Core sampler to extract soil 
samples for bulk density and 
water retention 
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Soil Sampling  
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Lab and Field Analysis  
 
 
 
 
Soil Aggregate Analysis (1-2mm size) 
 
  
 
Soil Penetrometer  
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Soil water retention at -0, -0.4, -1.0, -
2.5, and - 5.0 kPa pressure  
 
Soil water retention at -100 and -300 kPa 
pressure  
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Soil carbon fractions analysis using NaI method 
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Enzyme analysis – solution before color 
reaction 
 
Enzyme analysis – solution after color 
reaction 
 
 
 
Using pipette to transfer solution to UV spectrophotometer plates  
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